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Foreword 


The  1993  U.S.  Workshop  on  the  Physics  and  Chemistry  of  Mercury  Cadmium 
Telluride  and  Other  IR  Materials  was  held  in  Seattle,  Washington,  on  October 
19-21, 1993.  This  workshop  was  the  twelfth  in  a  series  which  began  in  October 
1981.  Over  that  time,  it  has  become  the  preeminent  forum  for  open  interdiscipli¬ 
nary  discussion  of  scientific  and  technological  issues  concerning  HgCdTe.  Its 
scope  includes  the  discussion  of  other  materials  which  are  important  to  the 
development  of  technology  based  on  HgCdTe,  e.g.,  CdZnTe  substrates  for 
epitaxial  growth  and  other  materials  addressing  applications  for  which  HgCdTe 
is  the  leading  contender,  e.g.,  III-V  strained-layer  superlattices  and  quantum 
wells  for  infrared  detectors. 

Subject  areas  discussed  in  the  1993  workshop  include  material  growth 
processes,  bulk  and  thin-film  substrates,  defects,  III-V  materials,  diffusion, 
devices,  and  optical  characterization.  This  special  issue  is  arranged  by  topical 
area,  as  presented  at  the  workshop.  Forty  of  the  58  papers  presented  at  the 
workshop  appear  in  this  publication.  The  editor  thanks  the  referees  for  their 
careful  and  prompt  review  of  the  manuscripts  and  the  program  committee  for 
having  selected  such  high-quality  work  for  presentation. 

The  program  committee  members  were  S.M.  Johnson  (Santa  Barbara  Re¬ 
search  Center),  C.  J.  Summers  (Georgia  Tech  Research  Institute),  R.L.  Aggarwal 
(Massachusetts  Institute  of  Technology),  J.M.  Arias  (Rockwell  International), 
R.S.  Balcerak  (Advanced  Research  Projects  Agency),  LB.  Bhat  (Rensselaer 
Polytechnic  Institute),  L.E.  Brown  (Wright  Laboratory),  T.N.  Casselman 
(Lockheed  Missiles  and  Space  Co.),  J.P.  Faurie  (University  of  Illinois  at  Chi¬ 
cago),  J.K.  Furdyna  (Notre  Dame  University),  C.R.  Helms  (Stanford  University), 
M.  Martinka  (U.S.  Army  CECOM  Night  Vision  and  Electronic  Sensors  Director¬ 
ate),  T.C.  McGill  (California  Institute  of  Technology),  P.W.  Norton  (Loral  IR  and 
Imaging  Systems),  H.F.  Schaake  (Texas  Instruments),  D.G.  Seiler  (National 
Institute  of  Standards  and  Technology),  A.  Sher  (SRI  International),  H.R. 
Vydyanath  (Aerojet  Electronic  Systems),  and  J.R.  Waterman  (Naval  Research 
Laboratory).  Special  thanks  go  to  Scott  Johnson  and  Chris  Summers,  co- 
chairmen  of  the  workshop,  and  Jay  Morreale  (Palisades  Institute  for  Research 
Services,  Inc.),  workshop  coordinator. 

The  workshop  was  cosponsored  by  the  U.S.  Army  CECOM  Night  Vision  and 
Electronic  Sensors  Directorate,  U.S.  Air  Force  Wright  Laboratory,  and  the  U.S. 
Office  of  Naval  Technology. 

The  editor  is  grateful  to  Theodore  C.  Harman,  editor  of  Journal  of  Electronic 
Materials  (JEM),  Robert  Makowski,  Director  of  Publishing  Services  of  The 
Minerals,  Metals,  and  Materials  Society,  and  members  of  the  JEM  Editorial 
Oversight  Committee  for  their  cooperation  in  publishing  this  special  edition. 


James  R.  Waterman 
Naval  Research  Laboratory 
Washington,  DC 
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HgCdTe  Molecular  Beam  Epitaxy  Technology: 

A  Focus  On  Material  Properties 

OWEN  K  WU,  D.M.  JAMBA,  and  G.S,  KAMATH 

Hughes  Research  Laboratories,  Malibu,  CA  90265 

G.R.  CHAPMAN,  S.M.  JOHNSON,  J.M.  PETERSON,  K.  KOSAI,  and 
C.A.  COCKRUM 

Santa  Barbara  Research  Center,  Goleta,  CA  93117 

HgCdTe  MBE  technology  is  becoming  a  mature  growth  technology  for  flexible 
manufacturing  of  short-wave,  medium-wave,  long-wave,  and  very  long-wave 
infrared  focal  plane  arrays.  The  main  reason  that  this  technology  is  getting  more 
mature  for  device  applications  is  the  progress  made  in  controlling  the  dopants 
(both  n-type  and  p-type  in-situ)  and  the  success  in  lowering  the  defect  density  to 
less  than  2  x  lOVcm^  in  the  base  layer.  In  this  paper,  we  will  discuss  the  unique 
approach  that  we  have  developed  for  growing  As-doped  HgCdTe  alloys  with 
cadmium  arsenide  compound.  Material  properties  including  composition,  crys¬ 
tallinity,  dopant  activation,  minority  carrier  lifetime,  and  morphology  are  also 
discussed.  In  addition,  we  have  fabricated  several  infrared  focal  plane  arrays 
using  device  quality  double  layers  and  the  device  results  are  approaching  that 
of  the  state-of-the-art  liquid  phase  epitaxy  technology. 

Key  words:  HgCdTe,  infrared  detectors,  molecular  beam  epitaxy  (MBE) 


INTRODUCTION 

HgCdTe  is  the  material  of  choice  for  infrared  (IR) 
detectors  because  of  its  variable  bandgap,  its  high 
quantum  efficiency,  its  capability  for  operation  above 
liquid  nitrogen  temperatures,^  and  its  potential  for 
enhanced  device  performance  through  superlattice 
and  quantum  well  based  structures.^  HgCdTe  detec¬ 
tors  sensitive  to  wavelengths  of  1-16  micron  have 
been  demonstrated  in  several  laboratories,  and  many 
are  now  in  use  for  sensing  or  imaging  applications, 
both  civilian  and  military.^ 

Various  growth  techniques,  such  as  liquid  phase 
epitaxy  (LPE),  metalorganic  chemical  vapor  deposi¬ 
tion  (MOCVD),  and  molecular  beam  epitaxy  (MBE), 
have  been  researched  and  developed  to  grow  a  num¬ 
ber  of  detector  structures  including  photovoltaic 
double-layer  heterojunction  devices.  By  far,  LPE  is 
the  most  developed  and  mature  growth  technique  for 
focal  plane  array  (FPA)  applications.^ 
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However,  progress  on  MBE  over  the  last  two  years, 
in  electrical  doping,  has  shown  that  the  vapor  phase 
growth  technique  has  become  mature  and  important 
for  the  growth  of  advanced  structures,  such  as  P/N 
double  layers  and  triple  layers  for  two-color  detec¬ 
tors.^"®  The  major  advantage  of  this  growth  technique 
is  its  flexibility  for  the  growth  of  various  compositions 
in  the  same  system.  The  advantage  of  growing  a 
multi-layer  structure  in  the  same  growth  system  is 
that  it  greatly  reduces  the  contaminants  at  the  junc¬ 
tion  interfaces.  In  addition,  an  advantage  of  MBE 
over  LPE  is  its  controllability  of  composition  at  the 
junction  interface,  enabling  it  to  take  advantage  of 
heterojunction  effects  for  optimal  device  performance. 
As  the  defense  industry  continues  to  downsize,  there 
is  an  even  greater  need  for  a  more  flexible  and  cost- 
effective  manufacturing  technology  for  IRFPAs  for 
both  military  and  commercial  applications.  HgCdTe 
MBE  technology  offers  these  possibilities. 

In  this  paper,  we  will  first  describe  the  experi¬ 
mental  process  and  status  of  HgCdTe  MBE  growth  for 
various  wavelength  applications;  then  discuss  key 
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material  features  such  as  crystallinity,  electrical  prop¬ 
erties  of  n-type  and  p-type  doping  with  indium  and 
arsenic,  minority  carrier  lifetime  and  etch  pit  density 
(EPD).  In  addition,  issues  relating  to  uniformities  of 
thickness  and  composition  will  be  discussed.  Finally, 
several  64  x  64  diode  array  results  obtained  from 
MBE-grown  double  layer  heterojunction  (DLHJ)  struc¬ 
tures  will  be  briefly  presented. 

EXPERIMENTAL 

Our  MBE  system  is  a  modified  V-80H  MBE  system 
manufactured  by  Vacuum  Generators,  a  division  of 


CdTe  BEP,  mbar  x  lO'^ 


Fig.  1.  HgCdTe  alloy  compositions  (x  value)  as  a  function  of  CdTe  flux 
during  MBE  growth. 


Fison  Instruments.  This  system  has  two  intercon¬ 
nected  V-80H  growth  chambers  with  integrated  sur¬ 
face  analysis  and  ion  etching  capabilities.  Each  growth 
chamber  is  equipped  with  dual  Hg  reservoirs,  eight 
effusion  cells  and  load  locks  for  Te  cracker  and  ex¬ 
tended  CdTe  effusion  cells,  to  enable  recharging  the 
materials  without  breaking  the  vacuum.  This  system 
can  accommodate  sample  sizes  up  to  3  inches  in 
diameter,  but  the  majority  of  our  growth  experience 
has  been  with  smaller  sizes  because  available  high 
quality  (211)  CdZnTe  substrates  are  usually  less  than 
3x3  cm. 

Growth  runs  were  carried  out  at  160-190°C  on 
(211)  CdZnTe  substrates  using  Hg,  CdTe,  and  Te 
sources.  Typically,  the  (211)  CdZnTe  substrates  were 
2.5  X  2.5  cm  in  size  and  heat-cleaned  at  350®C  for  15- 
20  min  under  vacuum  prior  to  the  MBE  growth  of 
HgCdTe.  The  growth  rate  of  HgCdTe  ranged  from  1- 
2  \im  per  hour  depending  upon  the  composition.  The 
extrinsic  dopants  of  choice  were  In  for  n-type  and 
cadmium  arsenic  compounds  for  p-type  dopants.^ 

Regarding  material  properties,  the  composition  (x 
value)  of  HgCdTe  was  determined  by  infrared  trans¬ 
mission  and  photoflectance  techniques.^®  The  crystal¬ 
linity  was  measured  by  the  x-ray  rocking-curve  mea¬ 
surement  using  CuK^j  x-rays  from  a  Ge  four-crystal 
monochromator.  The  concentration  of  In  and  As 
dopants  was  determined  by  secondary  ion  mass  spec¬ 
trometry  (SIMS)  and  their  electrical  properties  were 
determined  by  Hall  measurements.  Morphology  and 
microstructure  were  investigated  with  optical  and 
electron  microscopies. 


Fig.  2.  Room  temperature  IR  transmission  data  for  various  MBE-grown  HgCdTe  double-layer  heterojunction  structures.  These  structures  can  be 
used  for  SWIR,  MWIR,  LWIR,  and  VLWIR  applications  at  77K. 
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Fig.  3.  Thickness,  x  value,  and  transmission  maximum  for  a  2.5  x  2.5  cm  HgCdTe  DLHJ  specimen.  Data  are  measured  and  calculated  from  FTIR, 


RESULTS  AND  DISCUSSIONS 

Growth  of  HgCdTe  Alloys  for  Short,  Medium, 
Long,  and  Very  Long  Wave  Infrared 
Applications 

The  growth  of  high  quality  Hgj_^Cd^Te  alloys  has 
been  demonstrated  over  the  range  of  interest  for  short 
wave  infrared  (SWIR)-very  long  wave  infrared 
(VLWIR)  detector  applications.  The  composition  of 
HgCdTe  alloys  can  be  varied  readily  by  choosing 
appropriate  beam  flux  ratios.  We  have  shown  that 
over  the  range  from  x  =  0.22  to  x  =  0.50,  excellent 
control  of  composition  can  be  achieved  by  var3dng  the 
CdTe  source  flux  with  a  constant  flux  of  Hg  at  3  x  10“^ 
mbar  and  Te  at  8  x  10“'^  mbar  during  the  MBE  growth, 
as  shown  in  Fig.  1.  For  x-values  outside  this  range, 
only  an  additional  simple  adjustment  of  Hg  and  Te 
fluxes  is  required. 

Figure  2  shows  room  temperature  IR  transmission 
data  for  various  MBE-grown  HgCdTe  double-layer 
heterojunction  structures.  The  basic  structure  con¬ 
sists  of  a  1.5-2  pm  As-doped  p-type  HgCdTe  cap  layer 
on  top  of  a  7-8  pm  In-doped  n-type  HgCdTe  base 
layer.  The  data  show  that  the  room  temperature 
cutoffs  are  extremely  abrupt,  which  is  indicative  of 
high  degree  in-depth  compositional  uniformity.  It 
should  be  noted  that  these  structures  can  be  used  for 
short- wavelength  infrared  (1-3  pm),  medium- wave¬ 
length  infrared  (MWIR,  3-5  pm),  long-wavelength 
infrared  (LWIR,  8-12  pm)  and  very  long-wavelength 
infrared  (>16  pm)  applications  at  77K.  Thus,  flexibil¬ 
ity  is  a  number  one  characteristic  of  MBE  technology, 
which  makes  it  ideal  for  IRFPA  applications. 

Figure  3  lists  the  thickness,  composition  (x  value) 


and  wavelength  of  maximum  transmission  for  a 
2.5  X  2.5  cm  DLHJ  structure.  The  results  were  ob¬ 
tained  from  a  computer-automated  Fourier  trans¬ 
form  infrared  spectrometer  (FTIR)  system,  which 
measured  16  spots  across  the  sample.  The  thickness 
and  x-value  were  determined  from  the  interference 
fringes  and  cutoffs  of  the  transmission  spectra.  The 
data  show  that  average  total  thickness  was  7.2  pm 
with  a  standard  deviation  of  0.05  pm  for  this  sample; 
the  average  x-value  for  the  base  layer  was  0.259  with 
a  standard  deviation  of 0.003  (x/x  is  about  1. 16%);  and 
the  transmission  maximum  peak  average  value^®  was 
6.97  pm  with  a  standard  deviation  of  0.06  pm.  This 
initial  set  of  data  suggests  that  MBE  technology  is 
able  to  provide  HgCdTe  alloys  with  uniform  composi¬ 
tions  for  IRFPA  applications.  One  main  reason  is  that 
the  sample  is  rotated  during  the  MBE  growth.  It 
should  be  noted  that  we  have  not  optimized  for  the 
purpose  of  uniformity  yet.  We  anticipate  achieving 
even  better  uniformity  by  enlarging  and/or  doubling 
the  effusion  cells. 

Morphology  and  Crystallinity  of  MBE-Grown 
DLHJ  Materials 

The  surface  morphology  of  the  HgCdTe  materials  is 
important  from  the  device  fabrication  point  of  view, 
especially  as  (now  that  array  size  is  getting  larger)  the 
requirements  are  becoming  more  stringent.  Figures 
4a  and  4b  show  the  scanning  electron  micrographs 
(SEM)  for  HgCdTe  DLHJ  structures.  Note  that  the 
scale  is  50  pm.  Both  samples  have  very  smooth  sur¬ 
face  morphology  suitable  for  device  applications,  ex¬ 
cept  for  the  undulations  on  the  left  sample.  It  is 
believed  that  these  ripples  have  something  to  do  with 
the  surface  finish  on  the  CdZnTe  substrates  and  the 
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Fig.  4.  (a)  and  (b)  Scanning  electron  micrographs  for  HgCdTe  DLHJ  structures.  Both  samples  have  smooth  surface  morphology  for  device 
fabrication.  _ 


heat  treatment  performed  prior  to  the  MBE  growth. 

The  excellent  crystal  quality  of  HgCdTe  layers 
grown  hy  MBE  is  illustrated  in  Fig.  5,  where  x-ray 
rocking  curve  data  are  presented  for  a  p-on-n  LWIR 
double  layer  heterojunction  structure.  The  In-doped 
n-type  (about  8  pm)  base  layer  peak  has  a  width  of  <25 
arc-s  and  is  indistinguishable  from  the  CdZnTe  sub¬ 
strate,  to  which  it  is  exactly  lattice-matched.  Because 
the  As-doped  p-type  cap  layer  is  much  thinner  (about 
2  pm)  and  has  a  different  alloy  composition,  its  peak 
is  shifted  slightly  and  is  broader  (45  arc-s),  but  the  x- 
ray  full  width  at  half  maximum  (FWHM)  is  still 
indicative  of  high  quality.  Figure  5  also  shows  the  x- 
ray  FWHM  data  map  for  nine  spots  across  the  2. 5  x  2 . 5 
cm  specimen.  It  demonstrates  that  the  FWHM  for  the 
base  layer  ranges  from  25—30  arc-s,  and  that  the 
FWHM  for  the  cap  layer  ranges  from  45-50  arc-s. 
These  results  indicate  that  the  uniformity  of  crystal¬ 
linity  is  excellent  for  IRFPA  applications. 

Electrical  Properties  of  N-  and  P-Type  HgCdTe 
Alloys 

Indium  is  the  most  widely  used  n-type  dopant  for 
HgCdTe  alloys  during  MBE.  The  n-type  doping  of 
HgCdTe  with  In  by  MBE  was  first  reported  in  1988‘® 
and  later  studied  and  improved  at  several  other 
laboratories.®’^^  Most  recently,  we  have  shown  that  In 
concentration  can  be  varied  from  1  x  lO'Vcm®  to 


5  X  lOWcm®  by  varying  the  In  cell  temperature  in  the 
range  from  450  to  700°C  with  no  evidence  of  a  memory 
effect.  This  is  of  interest  because  a  memory  effect  had 
been  reported  previously®  due  to  contamination  from 
the  substrate  which  was  mounted  with  indium.  In 
these  recent  experiments,  the  Hall  mobility  of  In- 
doped  n-type  HgCdTe  was  studied  as  a  function  of  Cd 
composition  and  carrier  concentration.  For  a  typical 
HgCdTe  alloy  with  a  22%  Cd  composition  and  doping 
of  1.5  X  lO^Vcm®  for  long  wavelen^h  applications,  the 
Hall  mobility  was  greater  than  9  x  10“*  and  2  x  10®  cmV 
v.s.  for  77  and  30K,  respectively.  This  temperature 
dependence  of  the  Hall  data  indicates  that  n-type 
carrier  concentrations  which  are  constant  are  inde¬ 
pendent  of  temperature,  in  turn  suggesting  that  the 
In-donor  energy  level  is  near  the  conduction  band 
edge.  It  should  be  noted  that  the  doping  efficiency  of 
In  was  almost  100%  as  evidenced  from  the  Hall 
measurement  and  secondary  ion  mass  spectroscopy 
(SIMS)  data  for  a  carrier  concentration  that  was  less 
than  2  x  10i®/cm®.  Also,  where  the  In  concentration 
was  greater  than  5  x  10^®/cm®,  the  morphology  of  the 
alloys  became  rough.  All  the  results  indicate  that  n- 
type  doping  of  HgCdTe  is  easier  to  achieve  than  p- 
t3q)e,  because  In  incorporation  in  the  group  II  sublattice 
is  facilitated  by  the  vacancies  in  the  HgCdTe  materi¬ 
als. 

So  far,  two  approaches  have  been  investigated  for 
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DLHJ  STRUCTURE:  Hgn  74Cdo  ofiTe  (As  DOPED,  2  ^lm)/Hgo.78Cdo.22"''e 

(In  DOPED,’ 8  nm)/CdZnTe  (211)  SUBSTRATE 
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Fig.  5.  X-ray  rocking  curve  data  for  HgCeTe  DLHJ  structure.  The  results  indicate  that  the  uniformity  of  crystallinity  of  base  and  cap  layers  is  excellent. 


the  MBE  growth  of  As-doped  HgCdTe.  The  first  ap¬ 
proach  is  based  on  the  success  of  photo-assisted  MBE 
in  enabling  high  levels  of  p-type  As  doping  of  CdTe.^^-^® 
For  As  doping,  during  compositionally  modulated 
structure  growth,  only  the  CdTe  layers  in  a  CdTe- 
HgTe  combination  are  doped  by  As.  Since  the  CdTe 
does  not  contain  Hg  vacancies,  and  is  grown  under 
cation-rich  conditions,  the  As  is  properly  incorporated 
in  the  Te  site  and  its  concentration  is  proportional  to 
the  As  flux.  The  structure  then  interdiffuses  after 
annealing  at  high  temperature  to  remove  residual  Hg 
vacancies,  resulting  in  p-type,  homogeneous  HgCdTe. 
The  disadvantage  of  this  approach  is  that  it  requires 
a  high  temperature  anneal  that  results  in  reduced 
junction  and  interface  control. 

In  contrast,  our  approach  is  to  use  cadmium  ar¬ 
senide  compound  and  tellurium  from  a  cracker  effu¬ 
sion  cell  in  order  to  enhance  the  sticking  coefficient  of 
the  Hg  and  hence  to  minimize  Hg  vacancies.®’®’^^  As  a 
result  of  our  approach,  the  As  is  directed  to  the  group 
VI  sublattice  to  promote  efficient  p-type  doping.  To¬ 
day,  using  this  approach,  many  layers  of  p-type 
HgCdTe  alloys  have  been  successfully  grown  and 
characterized.  The  SIMS  data  indicate  that  an  As 
doping  concentration  ranging  from  lO^Vcm^  to  10^®/ 
cm^  can  be  achieved.  Based  on  the  Hall  data  and  SIMS 
measurements,  the  doping  efficiency  of  As  is  esti¬ 
mated  to  be  about  50%.  In  this  study,  some  of  these 
samples  were  annealed  under  Hg  ambient  to  avoid  Hg 
vacancies,  and  temperature  dependence  Hall  mea¬ 
surements  were  carried  out  to  determine  the  activa¬ 
tion  energy  of  As.  The  data  show  that  the  activation 
energy  for  As  is  about  7-8  meV  above  the  valence 


1000/T  (1/K) 

Fig.  6.  Comparison  of  the  theoretical  Auger  lifetime  compared  to  the 
measured  photoconductive  decay  lifetime  for  sample  SW1190. 


band,  which  is  consistent  with  the  reported  literature 
values  from  LPE  materials.^®  The  mobilities  of  these 
samples  are  on  the  order  of  100-300  cmVv.s  at  77K. 
Key  growth  parameters  that  determine  the  proper¬ 
ties  of  As-doped  p-type  HgCdTe  are  the  growth  tem¬ 
perature  and  Hg/Te  flux  ratio. 

Minority  Carrier  Lifetime  and  Etch  Pit  Density 

Other  material  properties  such  as  minority  carrier 
lifetime  and  etch  pit  density  of  the  material  are  all 
very  important  for  device  performance.  Especially, 
the  lifetime  of  the  photoexcited  carrier  is  among  the 
most  important  parameters  for  a  detector  material, 
since  it  governs  the  diode  leakage  current  and  quan¬ 
tum  efficiency  of  detector  operations.  In  short,  the 
ultimate  performances  of  infrared  detectors  depend 
critically  on  the  lifetimes  of  their  optically  excited 
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SPECTRAL  RESPONSE 


z 


SHORT  CIRCUIT  CURRENT 


Fig.  7  (a)  and  (b)  spectral  resonse  and  short  circuit  current  data  for  a  MBE  grown  DLHJ  diode  array,  showing  abrupt  cutoff  at  8.3  pm. 


Fig.  8.  RqA  data  for  several  LWIR  detector  results  in  comparison  with 
the  LPE-grown  device  performance  trend  line. 

carriers.  Here,  we  have  used  photoconductive  decay 
measurements  to  determine  the  minority  carrier  life¬ 
time  of  several  MBE-grown  In-doped  n-type  HgCdTe 
(x  =  0.2-0.3)  materials.  The  results  show  that  the 
lifetime  ranges  from  0.3-1.2  ps  depending  upon  the  x 
value  and  carrier  concentration.  For  example,  Fig.  6 
shows  a  comparison  of  the  theoretical  Auger  lifetime 
compared  to  the  measured  photoconductive  decay 
lifetime  for  sample  1190.  This  sample  (SW1190)  has 
a  cutoff  at  10  pm  and  =  1.5  x  lO^Vcm^  at  77K.  The 
measured  lifetime  is  about  500  ns  or  80%  of  the 
theoretical  lifetime  limit  and  is  comparable  with  LPE 
grown  HgCdTe  alloys.^^ 

Material  defects  can  be  classifed  into  extended 
defects  or  point  defects.  Extended  defects  include 
dislocations,  pinholes,  particulates,  inclusion, 
microtwins,  precipitates,  and  inhomogeneities.  They 
can  extend  over  lengths  of  several  microns  and  are 
often  observable  by  appropriate  techniques  of  selec¬ 
tive  etching  and  microscopy.^®  For  example,  we  have 
used  Cr03/HCl/H20  etchant  to  reveal  the  extended 
defects  on  the  (211)  HgCdTe  alloys  grown  by  MBE.^^ 


Optical  microscopy  studies  of  several  etched  MBE 
grown  HgCdTe  base  layers  indicate  that  the  EPD  of 
device-quality  alloys  is  on  the  order  of  2  x  lOVcm^, 
which  is  in  good  agreement  with  the  lifetime  data 
discussed  previously  and  comparable  to  the  best  LPE 
materials  for  device  applications.  We  have  also  found 
that  EPD  is  sensitive  to  the  Hg/Te  flux  ratio  and 
growth  temperature  used  during  the  MBE  growth. 

Device  and  Array  Results  from  MBE-Grown  P/N 
DLHJ 

We  have  used  the  above-described  growth  pa¬ 
rameters  to  grow  a  number  of  p/n  double  layer 
heterojunctions  for  MWIR  and  LWIR  applications. 
Processing  and  testing  of  several  64  x  64  arrays  were 
carried  out  at  Santa  Barbara  Research  Center.  High- 
performance  device  results  were  achieved.  For  ex¬ 
ample,  a  typical  LWIR  DLHJ  structure  will  consist  of 
a  1.5  pm  As-doped  p-type  (>5  x  lO^Vcm®,  x  =  0.26) 
HgCdTe  cap  layer  on  top  of  an  8  pm  In-doped  n-type 
(2  X  lOWcm®,  X  =  0.22)  HgCdTe  base  layer.  Figure  7a 
shows  the  spectral  response  of  diodes  which  have 
uniform  cutoff  wavelengths  at  8.3  pm  while  Fig.  7b 
shows  the  short  circuit  current  of  a  miniarray  with 
65%  quantum  efficiency.  Figure  8  shows  the  R^A  for 
several  LWIR  detector  results  in  comparison  with  the 
LPE-grown  device  performance  trend  line.  The  data 
indicate  that  the  detectors  have  R^A  of  2.5  x  10^, 
1.1  X  10^,  7  X  10\  and  1.5  x  10^  ohm-cm^  at  80Kfor  9.4, 
10.2,  11.5,  and  12.5  pm  cutoffs,  respectively.  The 
results  indicate  that  diode  performance  is  approach¬ 
ing  that  of  state-of-the-art  LPE  detectors.  Further 
improvement  is  expected  as  the  technology  becomes 
more  mature  in  the  near  future. 

FUTURE  DIRECTIONS  AND  CONCLUSION 

Efforts  in  research  and  development  of  HgCdTe 
MBE  technology  during  the  last  decade  have  laid  the 
solid  foundation  necessary  for  successful  application 
of  MBE  in  the  realization  of  HgCdTe  multilayer 
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structures  for  IR  detectors  and  other  optoelectronic 
devices.  However,  additional  development  of  tem¬ 
perature  and  flux  sensors,  larger  (211)  CdZnTe  sub¬ 
strates,  purer  source  materials  and/or  alternative 
substrates  is  anticipated.  These  will  be  necessary 
(along  with  improved  in-situ  processing  for  dry-etch¬ 
ing,  selective  area  epi  growth  and  passivation  inte¬ 
grated  with  flexible  MBE  growth)  to  ensure  a  cost- 
effective  and  flexible  manufacturing  technology  for 
IRFPA  in  both  military  and  commercial  applications. 
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A  Hgi_^Cd^Te  growth  method  is  presented  for  molecular  beam  epitaxy,  which 
precisely  controls  growth  conditions  to  routinely  obtain  device  quality  epilayers 
at  a  certain  specific  composition.  This  method  corrects  the  fluctuation  in 
composition  x  for  run-to-run  growth  by  feedback  from  the  x  value  for  the  former 
growth  to  the  fluxes  from  CdTe  and  Te  cells.  We  achieved  standard  deviation  Ax/ 
X  of  3.3%  for  13  samples  grown  consecutively.  A  substrate  temperature  drop  was 
found  during  growth,  which  considerably  degrades  the  crystal  quality  of  epilayers. 
In  this  method,  this  drop  is  greatly  diminished  by  covering  the  holder  surface 
with  a  heavily  doped  Si  wafer.  Finally,  etch  pit  density  of  4  x  10^  cm”^  and  full 
width  at  half-maximum  of  12  arc-s  for  the  x-ray  double-crystal  rocking  curve 
were  obtained  as  the  best  values. 

Key  words:  Control  of  composition,  HgCdTe,  infrared  detectors,  molecular 
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INTRODUCTION 

Considerable  efforts  have  been  expended  to  ac¬ 
complish  HgCdTe  epilayer  growth  on  CdZnTe  sub¬ 
strates  by  molecular  beam  epitaxy  (MBE).  It  is,  how¬ 
ever,  still  difficult  to  routinely  obtain  device  quality 
HgCdTe  epilayers  at  a  certain  specific  composition. 
Main  reasons  are 

•  Difficulty  in  maintaining  optimal  growth  condi¬ 
tions,  and 

•  Lack  of  reproducibility  for  CdZnTe  substrate 
quality  and/or  Zn  concentration. 

The  latter  issue  will  be  solved  by  substrates  suppliers. 

The  growth  conditions  consist  of  fluxes,  namely  the 
fluxes  from  CdTe,  Te,  and  Hg  cells,  and  the  surface 
temperature  at  the  growth  front.  There  are  two  prob¬ 
lems  to  be  considered.  One  is  the  fluctuation  in  the 
fluxes  from  CdTe  and  Te  cells  for  run-to-run  growth, 
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which  is  caused  by  shape  changes  of  source  materials. 
This  is  not  the  case  for  Hg  flux,  because  constant  flux 
can  be  achieved  by  maintaining  the  liquid  level  in  the 
Hg  cell.  The  Te/Hg  and  Te/CdTe  flux  ratios  mainly 
affect  crystal  quality  and  composition  of  HgCdTe 
epilayers,  respectively,  so  it  is  necessary  to  keep  the 
fluxes  from  the  CdTe  and  Te  cells  constant. 

Another  problem  is  temperature  change  at  the 
substrate  surface  during  growth.  The  substrate  tem¬ 
perature  is  usually  monitored  by  a  thermocouple 
located  in  the  back  of  the  substrate  holder.  If  the 
thermocouple  reading  is  kept  constant,  then  a  drop  in 
the  substrate-surface  temperature  is  observed.  Sev¬ 
eral  groups  have  reported  on  this  for  the  III-V  group 
MBE and  for  the  HgCdTe  MBE.^’^  This  is  a  crucial 
problem  especially  for  HgCdTe  growth,  because  of  its 
narrow  optimal-temperature  range.  It  considerably 
degrades  the  crystal  quality  of  epilayers. 

This  paper  gives  a  growth  method  which  accurately 
controls  the  fluxes  from  the  CdTe  and  Te  cells,  and  the 
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substrate-surface  temperature.  With  this  method,  we 
achieved  routine  growths  of  high  quality  HgCdTe 
epilayers  at  a  certain  specific  composition. 

GENERAL  EXPERIMENTAL  PROCEDURE 

0-2-0.3)  epilayers  were  grown  on 
Cdj_yZn Te(  1  1  2)B  (y  =  0.03-0.05)  substrates  in  a 
Riber  3^P  MBE  system.  The  substrates  were  etched 
in  a  Brg-methanol  solution  and  thermally  annealed  at 
310°C  for  10  min  before  the  growth.  The  substrate 
temperature  was  180°C,  which  was  measured  with  a 
Chromel-Alumel  thermocouple  in  contact  with  the 
back  surface  of  the  molybdenum  substrate  holder. 
The  thermocouple  reading  was  calibrated  with  the 
melting  point  of  tin  and/or  indium  placed  on  the 
holder.  Source  materials  were  Hg,  CdTe,  and  Te.  The 
reflection  high  energy  electron  diffraction  (RHEED) 
pattern  was  monitored  during  growth.  The  epilayers 
were  characterized  by  Nomarski  microscopy,  x-ray 
double-crystal  rocking  curves  (DCRCs),  and  etching 
technique.  The  full  width  at  half-m^imum  (FWHM) 
of  DCRCs  was  measured  with  (2  24)  reflections, 
using  a  Si(OOl)  reference  crystal  with  (004)  reflec¬ 
tions.  The  epilayer  dislocations  were  inve^igated 
with  etch  pit  density  (EPD)  technique^  on  the  ( 1  1  2)B 
surface. 

FLUX  CONTROL 

The  growth  conditions,  namely  the  fluxes  and  the 
growth  temperature,  determine  growth  rate  r  in  A*S"\ 
Cd  composition  x  for  Hg^  ^Cd^Te  epilayers.  These 
parameters  can  be  approximately  expressed  as  a 
function  of  Cd  flxix  and  Te2  flux  in  molecules 


„  T 

(1) 

_  ^Cd^Cd 

A  ^  —  9 

(2) 

2s  Jpe 
^Te2  ^^2 

where  d  is  HgCdTe  lattice  constant  in  A  and  s.  is 
sticking  coefficient  for  species  i.  The  Cd  atoms  are 
supplied  from  a  CdTe  cell  and  Te^  molecules  are 
supplied  from  both  Te  and  CdTe  cells.  The  flux  from 
CdTe  cell  JcdTeceii  expressed  as  2J(./3,  because  Cd 
atoms  and  Te^  molecules  evaporate  from  CdTe  at  a 
ratio  of  2:1.®  So,  Eq.  (1)  and  Eq.  (2)  can  be  rewritten  by 
using  fluxes  from  Te  and  CdTe  cells. 


Table  I.  The  Sticking  Coefficient  Ratio  for 
Several  Pairs  of  Growths 

Sample  No. 

X 

j 

®cy  ®Te2 

34 

0.274 

1.374 

0.66 

36 

0.225 

57 

0.241 

1.071 

0.62 

58 

0.231 

81 

0.273 

1.251 

0.72 

82 

0.236 

2x102® 
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The  JcdTeceii  ^Teceii  Were  measured  by  placing 
a  movable  Bayard-Alpert  (B-A)  ion  gauge  in  the  sub¬ 
strate  position.  The  pressure  readings  p  in  Pa  were 
calibrated  to  get  the  fluxes  as  follows: 

T  _  ^APrecell 

^Tecell  “  I -  /  \  > 


^/^^aPc 


where  is  the  Avogadro  number  in  molecules,  mok^ 
M.  is  the  molecular  mass  of  species  i  in  kg-moH,  R  is 
the  gas  constant  in  J -K-^-mokS  and  I(z.)  is  the  ioniza¬ 
tion  coefficient  of  species  i.  It  is  known  that  I(z) 
depends  on  atomic  number  z.  of  species  i  and  I(z.)  = 
[  0.4z/14  -h  0.6],  when  compared  with  that  of  nitrogen."^ 
The  unknown  parameters  in  Eq.  (3)  and  Eq.  (4)  are 
the  sticking  coefficients  s^.^  and  STe^.  They  can  be 
determined  from  growth  rate,  composition,  and  the 
fluxes.  There  is,  however,  one  problem,  in  that  the 
absolute  flux  value  is  difficult  to  measure  from  B-A 


ion  gauge,  because  of  sensitivity  changing  in  the  B-A 
ion  gauge,  molecular-beam  inhomogeneity  over  the 
size  of  ion  gauge,  or  molecular-beam  reflection  around 
the  gauge.  For  this  reason,  only  the  sticking-coeffi- 
cients  ratio  s^^Js  Te^  was  measured  from  x  value  change 
when  the  JTecei/*JcdTeceii  was  changed.  The  stick- 
ing-coefficient  ratio  can  be  estimated  by  growing  a 
pair  of  epilayers  as  follows: 


1-j 

1/x-j/x'^ 


(7) 


j  = 


T  T' 

^Tecell^  CdTecell 

T  T' 

^  CdTecell^  Tecell 


(8) 


where  the  primed  values  mean  the  values  for  the 
former  growth.  The  s^/s-p^  ratio  of  0.7  was  obtained 
experimentally  in  the  compositional  range  from  0.22 
to  0.27,  as  is  shown  in  Table  I.  This  value  has  good 
agreement  with  Monterrat  et  al.’s  value  of  0.7  when 
CdTe  were  grown  on  CdZnTe(OOl)  substrates  under 
Hg  flux  at  180°C.®  Although  they  called  this  value  as 
sticking  coefficient  of  Cd  in  their  paper,  this  is  true 
only  when  the  sticking  coefficient  of  Te2  is  unity.  One 
can  also  compare  with  the  value  of  0.8  obtaine(y*rom 
HgTe  incorporation  in  a  film  grown  on  CdTe(  1  1  2  )B 
substrates  at  180°C  under  fliixes  from  CdTe  and  Hg 
cells.^ 

With  this  sticking  coefficient  ratio,  composition  can 
be  controlled  in  principle  using  Eq.  (4).  Assuming  that 
the  sticking  coefficient  of  Te2  is  unity,  growth  rate  can 
be  also  controlled  using  Eq.  (3).  The  flux  control. 
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however,  for  run-to-run  growth  using  Eq.  (3)  and  Eq, 
(4)  requires  flux  measurements  before  each  growth. 
In  addition,  there  is  a  difficulty  involved  in  the  abso¬ 
lute  flux  measurement,  as  mentioned  above,  espe¬ 
cially  for  growth  rate  control.  For  these  reasons,  it  is 
practical  to  control  fluxes  by  correcting  individual  cell 
temperatures  on  the  basis  of  the  composition  x'  and 
the  growth  rate  r'  of  the  former  growth.  In  order  to 
grow  epilayers  at  specific  composition  x  and  growth 
rate  r,  we  used  the  following  equations  which  give  the 
CdTe  cell  temperature  and  the  Te  cell  tern- 

perature 


T  -  T' 

"cdTecell  ~  x'v' 

(9) 

(l-x)r 

^Tecell  ~  “  TecelP 

(10) 

r  H  ^  1 

(11) 

V 


where  K  is  the  enthalpy  for  evaporation  in  eV,  and  k 
is  the  Boltzmann  constant  in  eV-K'^  The  enthalpy 
values  of  1.97  eV  for  CdTe  and  1.65  eV  for  Te  were 
used.^®  Using  above  equations,  standard  deviation  Ax/ 
X  of  3.3%  (x  =  0.224  ±  0.007)  was  obtained  for  13 
samples  grown  consecutively,  excluding  the  first  run 
(Fig.  1).  It  was  found  recently  that  a  small  difference 
in  substrate  position  for  each  growth  can  change  the 
composition.  Thus,  the  compositional  fluctuation  can 
be  reduced  by  placing  substrates  at  the  same  position 
as  possible. 

SURFACE  TEMPERATURE  DROP 

It  is  a  real  challenge  to  maintain  the  surface  tem¬ 
perature  at  the  growth  front  during  HgCdTe  growth. 
As  has  been  reported, the  growth  temperature 
could  not  be  kept  constant,  when  the  thermocouple 
reading  at  the  back  surface  of  the  substrate  holder 
was  kept  constant.  If  the  temperature  was  set  at  an 
optimal  value  at  the  initial  growth  stage,  twin  forma¬ 
tion  occurs  in  the  middle  of  growth,  which  was  ob¬ 
served  with  RHEED  pattern.  The  twin  formation 
indicates  that  temperature  drop  occurs  during  the 
growth. 

Infrared  images  of  a  substrate  and  a  molybdenum 
holder,  before  growth  and  just  after  growth  initiation, 
show  that  emissivity  of  the  holder  surface  abruptly 
increases  (Fig.  2).  The  heater  power  change  of  7.5  W 
was  observed,  when  10  |LLm  HgCdTe  was  deposited  on 
a  15  X  15  mm  substrate  and  a  2  inch  holder.  On  the 
other  hand,  the  thermal  loss  change  of  6  W,  between 
before  growth  started  and  at  the  growth  end,  was 
roughly  estimated,  assuming  that  the  emissivity  of 
the  molybdenum  bare  surface  changes  from  zero  to 
unity  by  coating  with  HgCdTe.  The  temperature 
drop,  therefore,  was  found  to  be  predominantly  caused 
by  emissivity  change  at  the  molybdenum  bare  sur¬ 
face. 


As  a  result,  the  temperature  drop  strongly  depends 
on  the  area  of  the  holder  bare  surface.  It  changes  with 
the  substrate  size,  number  of  substrates  grown  simul¬ 
taneously,  the  holder  size,  etc.  In  the  case  of  10  pm 
HgCdTe  growth  on  a  15  x  15  mm  substrate,  the  drop 
amount  is  about  15°C  for  a  2  inch  holder,  and  over 
40°C  for  a  3  inch  holder.  Especially,  in  the  latter  case. 


Fig.  1.  Composition  fluctuation  of  Hg^_j^Cd^Te  epilayers  grown  con¬ 
secutively. 


b 

Fig.  2.  Infrared  images  of  a  substrate  and  a  molybdenum  holder  before 
growth  (a),  and  just  after  growth  initiation  (b). 
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Fig.  3.  Substrate  holder  and  CdZnTe  substrate  described  in  this  paper. 
Almost  area  of  the  holder  was  covered  with  a  Si  wafer  to  reduce  the 
emissivity  change  of  the  holder  surface  during  growth.  A  tip  of  tin  is 
placed  on  the  Si  wafer  to  calibrate  the  temperature. 


Growth  time  [min] 

Fig.  4.  Pyrometer  temperature  profiles  after  growth  initiation  as  a 
function  of  time.  Each  profile  is  shifted  for  clarity.  The  values  indicate 
the  resistivities  of  Si  wafers.  The  temperature  readings  in  the  begin¬ 
ning  of  the  growth  do  not  indicate  real  temperature  change. 

the  temperature  drop  speed  is  too  large  to  grow  single 
crystal  epilayers. 

NEW  SUBSTRATE  HOLDER 

For  obtaining  the  same  growth  condition  no  matter 
what  the  substrates  or  the  holder  sizes  were,  we 
developed  a  new  substrate  holder  for  3  inch  wafers 
(Fig.  3),  in  which  most  of  the  molybdenum  bare 
surface  is  covered  with  a  Si  wafer.  Then  we  investi¬ 
gated  the  temperature-drop  dependency  on  the  resis¬ 


tivity,  namely  emissivity  of  the  Si  wafer. 

A  3  inch  Si  wafer  is  mounted  onto  this  holder  using 
gallium  for  good  thermal  contact.  A  15  x  15  mm 
CdZnTe  substrate  is  also  mounted  using  gallium,  and 
a  tip  of  tin  is  placed  onto  the  Si  wafer.  The  surface 
temperature  of  the  growth  front  was  monitored  dur¬ 
ing  growth  by  a  pyrometer  for  2  \xm  wavelength  and 
RHEED  pattern.  The  resistivities  of  the  Si  wafers 
employed  were  10—20,  1-3,  0.01—0.05,  and  <0.02  in 
fl-cm.  The  dopants  for  these  wafers  were  boron  for  the 
former  two  wafers,  phosphorous,  and  arsenic,  respec¬ 
tively.  The  emissivity  e  values  of  the  Si  wafers  were 
roughly  estimated  from  the  infrared  reflectance  r^ and 
transmittance  t  at  the  6.5  pm  wavelength,  using 
Kirchhoff  s  law  8  =  a  =  1  -  r^.- 1,  where  a  is  absorptance. 
The  incident  and  viewed  fluxes  were  normal  to  the 
wafers.  A  gold  thin  film  deposited  on  a  sapphire  wafer 
was  used  as  reference  for  the  reflectance  measure¬ 
ments. 

Figure  4  shows  the  temperature  profiles  measured 
by  the  pyrometer,  when  the  thermocouple  reading 
was  kept  constant.  In  the  beginning  of  the  growth,  the 
temperature  reading  changes  do  not  indicate  real 
temperature  change,  because  of  the  interference  be¬ 
tween  the  surface  and  the  interface  of  the  epilayer.  It 
was  found  that  the  temperature  drop  was  dramati- 


Fig.  7.  Nomarski  micrographs  of  epilayer  surfaces;  (a)  FWHM  =  25,3",  EPD  =  1.3  x  10®  cm  2;  (b)  d^pi  <  dg^^’  =  11.8",  EPD 

4.3  X  104cm-2;  (c)  d^pj  >  dg^^^^  FWHM  =  16.2",  EPD  =  3.9  x  10®  cm-^.  Marker  represents  20  pim. 


cally  reduced  when  using  this  holder,  and  strongly 
depends  on  resistivity  p  of  the  Si  wafers.  Constant 
surface  temperature  during  growth  was  achieved 
with  a  heavily  doped  Si  wafer  (p  <  0.02  Q-cm). 

The  reason  why  the  6.5  pm  wavelength  was  used  for 
the  emissivity  measurements  is  that  this  wavelength 
matches  the  peak  wavelength  of  black  body  emittance 
around  the  growth  temperature  (-180°C).  The  mea¬ 
sured  values  were  <0.1  for  10-20  and  1-3  Q-cm 
wafers,  0.45  for  the  0.01-0.05  Q-cm  wafer,  and  0.85  for 
the  <0.02  Q^cm  wafer.  Although  these  values  include 
some  error,  due  to  infrared  scattering  at  the  as- 
rapped  back  surface  of  the  wafers,  they  have  good 
agreement  with  reported  data,  such  as  £  =  0.026  for  an 
n-type  30-60  Q  cm  sample  and  0.808  for  a  sample 
which  is  heavily  doped  with  arsenic  (8.5  x  10^^  cm-^ 
which  is  corresponding  to  p  --  0.001  Q-cm).^^  The 
reduction  in  the  temperature  drop  is  explained  as  the 
reduction  in  emissivity  change  for  the  holder  surface 
during  growth.  The  emissivity  of  HgCdTe  epilayer 
was  measured  as  0. 70,  which  was  smaller  than  that  of 
heavily  doped  Si  wafer.  That  of  poly  crystalline  HgCdTe 
layer  on  the  Si  wafer,  however,  is  considered  to  be 
higher  than  that,  so  the  heavily  doped  Si  wafer  was 
thought  to  mostly  diminish  the  emissivity  change  on 
the  holder  surface. 

QUALITY  OF  EPILAYERS 

The  crystal  quality  of  epilayers  is  affected  by  both 
fluxes  and  growth  temperature.  The  flux  contribu¬ 
tion,  i.e.  the  contribution  from  growth  rate  and  Hg 
flux,  to  the  DCRCs  has  been  investigated  and  results 
reported  by  Faurie  et  al.^^  In  this  section,  we  report 
the  effect  of  the  stability  of  the  growth  temperature  on 
the  EPDs  of  epilayers  when  using  the  new  substrate 
holder. 

The  HgCdTe  epilayers  were  grown  with  the  new  3 
inch  holder  and  conventional  holders  for  2  and  3  inch 
sizes,  respectively.  Typical  growth  rate  was  5A/s. 
During  the  initial  stage  of  each  growth  (-60  min),  the 
thermocouple  reading  was  kept  constant  for  the  new 
holder,  and  was  compensated  for  to  maintain  the 
surface  temperature  for  the  conventional  holders. 
After  that,  the  p3n*ometer  reading  was  kept  constant 
for  both  holders. 

The  run-to-run  EPD  distributions  are  shown  in  Fig. 


5  and  Fig.  6  for  the  new  holder  and  the  conventional 
2  inch  holder.  The  EPD  at  the  maximum  of  distribu¬ 
tion  clearly  shifts  to  about  one-fifth  the  small  value 
for  the  new  holder.  In  spite  of  the  compensation  for  the 
thermocouple  reading  for  the  conventional  holder, 
the  epilayer  crystal  quality  was  degraded.  It  is  consid¬ 
ered  that  a  small  amount  of  fluctuation  in  growth  rate 
can  change  temperature  drop  amount  enough  to  de¬ 
grade  epilayers.  In  the  case  of  the  conventional  3  inch 
holder,  no  single-crystal  epilayer  was  obtained. 

The  EPD  distribution  for  the  new  holder  has  two 
peaks.  It  was  found  recently  that  substrate  polishing 
strongly  affects  the  EPD  for  MBE  grown  epilayers, 
and  that  the  substrate-surface  conditions  vary  from 
lot  to  lot.  Some  substrate  lots  always  produce  high 
EPDs  of  epilayers.  Thus,  most  of  the  epilayers  with 
EPDs  over  1  x  10®  cm-^  can  be  eliminated  by  screening 
such  substrate  lots.  This  problem  was  solved  by  re¬ 
polishing  these  substrates. 

The  variation  in  zinc  concentration  is  also  a  prob¬ 
lem  for  CdZnTe  substrates.  The  zinc  concentration 
determines  the  amount  of  misfit  Ad/d.  The  cross- 
hatched  surface  morphology  was  observed  for  low 
zinc  concentration  (Fig.  7a).  On  the  other  hand,  many 
short  lines,  about  5  |xm  in  length,  were  observed  along 
the  <110>  direction  for  higher  zinc  concentration 
(Fig.  7c).  The  best  morphology  and  the  best  EPD  were 
obtained  for  the  mostly  lattice  matched  substrate,  as 
shown  in  Fig.  7b.  Needless  to  say,  the  dislocation 
density  of  substrates  strongly  affects  the  EPDs  of 
epilayers.  Since  the  EPDs  of  the  CdZnTe  substrates 
were  in  the  range  of  1  x  10^  -  cm"^,  measured 

byNakagawaetchontheside(  1  1  1)A  surfaces  of  the 
substrates,  EPDs  of  epilayers  are  limited  by  sub¬ 
strates. 

Finally,  etch  pit  density  of  4  x  10^  cm-^  and  x-ray 
FWHM  of  12  arc-s  were  obtained  as  the  best  values  by 
the  growth  method  presented  in  this  paper.  Although 
the  crystal  quality  of  epilayers  strongly  depends  on 
that  of  the  substrates  used,  the  EPDs  of  10^  cm”^  range 
were  constantly  obtained.  In  most  recent  growths, 
low  10^  cm"2  was  obtained  as  a  typical  value  for  EPDs. 

SUMMARY 

High  quality  Hgj_^Cd^Te  epilayers  at  a  certain  spe¬ 
cific  composition  were  obtained  by  precise  control  of 
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fluxes  for  run-to-run  growth  and  surface  temperature 
of  the  growth  front  during  growth.  It  is  shown  that 
growth  rate  and  composition  of  epilayers  were  con¬ 
trolled  on  the  basis  of  fluxes  from  CdTe  and  Te  cells, 
or  the  growth  rate  and  the  composition  for  the  former 
growth.  The  sticking-coefficient  ratio  Te^  was  ob¬ 
tained  as  0.7  experimentally.  Standard  deviation  Ax/ 
X  of  3.3%  was  achieved  for  13  samples  grown  con¬ 
secutively.  A  substrate  temperature  drop  during 
growth  was  found  to  be  caused  predominantly  by 
emissivity  change  in  molybdenum  bare  surface  of  the 
substrate  holder.  A  heavily  doped  Si  water  mounted 
on  a  substrate  holder  dramatically  reduced  the  tem¬ 
perature  drop.  As  a  result,  etch  pit  density  of  4  x  10^ 
cm-2  and  full  width  at  half-maximum  of  12  arc-s  for 
the  x-ray  double-crystal  rocking  curve  were  obtained 
as  the  best  values.  The  crystal  quality  of  epilayers, 
however,  was  limited  by  that  of  CdZnTe  substrates. 
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We  report  arsenic  doping  of  Hgj_^Cd^Te  (0.2  <  x  <  0.3)  grown  using  metalorganic 
vapor  phase  epitaxy  (MOVPE)  by  the  direct  alloy  growth  (DAG)  technique. 
Tertiarybutylarsine  (TBAs)  was  used  as  a  precursor  for  As  doping.  Several 
epilayers  were  grown  at  different  Hg  partial  pressures  and  TBAs  bubbler 
temperatures  in  order  to  study  the  doping  characteristics.  The  amount  of  As 
incorporated  in  the  layer  as  well  as  the  acceptor  concentration  were  found  to  be 
a  strong  function  of  the  Hg  pressure.  Secondary  ion  mass  spectrometric  studies 
on  heterostructures  showed  that  the  compositional  interdiffusion  is  less  than  the 
diffusion  of  As  during  growth.  P-N  junctions  were  grown  using  TBAs  for  the  first 
time  and  several  of  these  layers  were  processed  to  fabricate  photodiodes.  A  p-on- 
n  grown  junction  photodiode  with  a  cutoff  wavelength  of  8.2  |xm  had  an  R^A  value 
of  24 1  ohm-cm^  at  80K  and  is  the  highest  reported  value  for  p-on-n  D AG-MO VPE 
devices.  Methods  to  improve  the  device  R^A  of  the  grown  junctions  are  also 
proposed. 

Key  words:  As-doping,  direct  alloy  growth,  HgCdTe,  infrared  detectors, 
metalorganic  vapor  phase  epitaxy  (MOVPE) 


INTRODUCTION 

Photodiodes  fabricated  using  mercury  cadmium 
telluride  (HgCdTe)  have  found  wide  applications  for 
infrared  detection  in  the  3-5  pm  and  8-14  pm  re¬ 
gimes.  These  p-n  junctions  have  been  fabricated  us- 
ing  mercury  vacancies  (p-type  intrinsic  defects),  as 
well  as  using  impurity  doping.  Doping  is  commonly 
achieved  either  by  ion  implantation  or  by  the  addition 
of  impurities  during  growth.  The  most  common  method 
of  fabricating  these  devices  is  by  the  liquid  phase 
epitaxial  (LPE)  technique. Other  methods,  such  as 
molecular  beam  epitaxy  (MBE)^’^  and  metalorganic 
vapor  phase  epitaxial  methods  (MOVPE),®*^  are  also 
being  actively  pursued.  With  vapor  phase  epitaxial 
methods  such  as  MOVPE  and  MBE,  p-on-n  and  n-on- 
p  homojunctions  and  heterojunctions,  as  well  as  more 
advanced  multilayer  devices  such  as  dual-band  detec- 
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tors,®  can  be  grown  in  situ  in  a  single  run.  In  this 
paper,  we  will  concentrate  on  these  structures  grown 
insitu  by  MOVPE. 

As-grown  layers  by  MOVPE  are  p-type  due  to  the 
presence  of  Hg  vacancies  which  are  acceptors  and 
films  usually  convert  to  n-type  with  the  carrier  con¬ 
centrations  in  the  high  lO^'^  cm~®  after  annealing 
under  Hg-saturated  conditions.  Hence,  undoped  films 
can  be  used  for  the  n-type  layers.  P-type  layers  can  be 
obtained  in  MOVPE  by  extrinsic  doping  using  ar¬ 
senic.  Arsenic  doping  using  AsHg  as  the  precursor®’^® 
has  been  demonstrated  before.  But  it  is  highly  toxic 
and  is  dangerous  because  it  is  generally  used  from  a 
high  pressure  cylinder.  Hence,  there  is  interest  in  the 
use  of  an  alternative  source  for  As.  Tertiarybutylarsine 
(TBAs),  an  organometallic  precursor,  seems  to  be  an 
attractive  alternative  since  it  is  a  liquid  at  room 
temperature  and  is  less  toxic  than  AsHg.  It  is  commer¬ 
cially  available  in  high  purity  form.  Arsenic  doping  of 
HgCdTe  using  TBAs  has  been  reported  when  layers 
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Fig.  1 .  Acceptor  concentration  (measured  from  variable  temperature 
Hall  data)  as  a  function  of  TBAs  bubbler  temperature  in  As-doped 
films,  (o):  Hg  Pressure  =  0.07  atm;  {•):  Hg  Pressure  =  0.09  atm. 
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Fig.  2.  Acceptor  concentration  as  a  function  of  Hg  partial  pressure  in 
As-doped  films.  Closed  symbols  are  n-type  and  open  symbols  are  p- 
type.  (A):  TBAs  =  20°C;  (□):  TBAs  =  30°C;  (V):  TBAs  =  40°C  and 
(o):TBAs  =  SO'C. 

are  grown  by  the  interdiffused  multilayer  process 
(IMP)ii  and  direct  alloy  growth  (DAG)  process.  In 
this  paper,  we  report  on  a  detailed  growth  study  using 
TBAs  as  the  dopant  source  and  report  for  the  first 
time  on  the  in-situ  grown  device  structures  using  this 
source. 


EXPERIMENTAL  PROCEDURE 

HgCdTe  layers  were  grown  at  370°C  in  a  vertical 
flow  warm  wall  reactor  at  a  pressure  of  380  Torr. 
Substrates  used  were  1  x  1  cm  in  size,  chem-mechani- 
cally  polished  (100)  oriented  CdTe  or  CdZnTe, 
misoriented  four  degrees  toward  (110),  obtained  from 
II-VI  incorporated.  Before  growth,  as  received  sub¬ 
strates  were  degreased  and  etched  in  Br-methanol 


solution  to  remove  about  1  pm  thick  surface  layer. 
Growth  was  carried  out  using  the  DAG  process,  in¬ 
volving  simultaneous  pyrolysis  of  dimethylcadmium 
(DMCd),  diisopropyltelluride  (DIPTe)  and  elemental 
mercury.  Doping  was  achieved  by  the  simultaneous 
introduction  of  TBAs  into  the  reaction  chamber  dur¬ 
ing  growth,  with  TBAs  bubbler  connected  in  the 
“effuser”  mode.  In  this  mode,  only  the  outlet  of  the 
bubbler  is  connected  to  a  hydrogen  stream  leading  to 
the  reactor.  Typical  partial  pressures  of  mercury  were 
between  0.04  and  0.13  atm,  calculated  using  the  flow 
rates  of  hydrogen  through  the  Hg  reservoir.  The 
pressures  of  DMCd  and  DIPTe  were  5  x  10  ®  and 
2  X  10-*  atm,  respectively.  The  partial  pressure  of 
TBAs  was  controlled  from  2  x  10“®  to  8  x  10-®  atm  by 
controlling  the  bubbler  temperature  between  20  and 
50°C.  The  DMCd  flow  was  adjusted  in  the  above 
growth  runs  to  keep  the  alloy  composition  of  the 
epilayers  between  0.25-0.33.  All  layers  have  an 
undoped  CdTe  cap  layer  of  0.3  pm  in  thickness.  This 
was  grown  to  prevent  unintentional  annealing  of  the 
layer  during  cool  down  after  growth. 

Fourier  transform  infrared  (FTIR)  transmission 
measurement  was  used  to  determine  the  thickness 
and  alloy  composition  of  these  layers.  As-grown  lay¬ 
ers  were  annealed  under  Hg  saturated  conditions  to 
annihilate  the  Hg  vacancies  as  described  in  Ref.  13. 
After  annealing,  samples  were  briefly  etched  in  a  1% 
Br-methanol  solution  to  remove  any  surface  degrada¬ 
tion  due  to  annealing.  Van  der  Pauw  patterns  were 
then  etched  on  these  layers  emd  ohmic  contacts  were 
made  by  evaporating  gold.  Variable  temperature  Hall 
measurements  between  20  and  300K  were  carried  out 
at  a  magnetic  field  of  2  kG  on  most  of  these  samples. 
These  results  were  analyzed  in  terms  of  a  three 
carrier  conduction  model  involving  holes,  bulk  elec¬ 
trons  and  surface  electrons,!^  to  determine  the  accep¬ 
tor  concentration.  Secondary  ion  mass  spectroscopy 
(SIMS)  measurements  were  also  carried  out  at  Charles 
Evans  and  Associates  on  several  layers  to  determine 
the  As  concentration  and  Hgj_,j  Cd^Te  alloy  composi¬ 
tion  profile. 


RESULTS 

Layer  Characteristics 

Several  undoped  layers  were  grown  on  CdTe  sub¬ 
strates  under  a  Hg  pressure  of  0.04  atm  and  annealed 
under  Hg  saturated  conditions.  Most  of  these  layers 
converted  to  high  mobility  n-type  with  carrier  concen¬ 
trations  lower  than  1  x  10'®  cm"®  at  30K.  The  electrical 
and  structural  characteristics  of  these  undoped  lay¬ 
ers  were  similar  to  the  results  presented  elsewhere.'^ 
However,  some  of  the  undoped  layers,  even  though 
converted  to  n-type  after  annealing,  had  lower  elec¬ 
tron  mobility  by  a  factor  of  2-4  compared  to  the  typical 
bulk  value.  The  reasons  for  lower  mobility  in  some  of 
these  layers  are  not  clear  at  present. 

P-type  layers  were  grown  by  introducing  TBAs 
during  growth.  The  partial  pressure  of  TBAs  in  the 
reactor  was  controlled  by  controlling  the  bubbler 
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temperature  since  TBAs  was  connected  in  an  effuser 
mode.  Control  of  TBAs  partial  pressure  in  the  range 
2-8  X  10"®  atm  was  possible  by  varying  the  bubbler 
temperature  from  20  to  50°C.  Figure  1  shows  the 
acceptor  concentration  obtained  from  the  variable 
temperature  Hall  measurements  as  a  function  of 
TBAs  temperature.  Measurements  were  made  on 
layers  grown  at  two  different  mercury  partial  pres¬ 
sures  of  0.07  and  0.09  atm.  As  shown  in  the  figure,  the 
doping  level  increased  with  increasing  TBAs  tem¬ 
perature  and  finally  saturated  when  a  higher  mer¬ 
cury  pressure  was  used,  but  no  change  in  the  doping 
level  was  observed  at  the  lower  Hg  pressure.  This 
indicates  that  the  saturation  in  the  doping  depends  on 
the  Hg  pressure  used  and  the  doping  efficiency  is 
better  at  higher  mercury  pressures. 

The  effect  of  Hg  partial  pressure  is  more  clearly 
seen  in  Fig,  2,  where  the  acceptor  concentration  is 
plotted  as  a  function  of  Hg  partial  pressure.  Here,  the 
Hg  pressure  was  varied  from  0.05  to  0.13  atm  and  at 
each  Hg  pressure,  the  layers  were  grown  at  various 
TBAs  bubbler  temperatures.  As  can  be  seen,  with 
increasing  Hg  pressure,  there  is  a  significant  increase 
in  the  acceptor  concentration.  At  low  Hg  pressure 
(<0.06  atm),  the  doped  layers  on  annealing  converted 
to  low  mobility  n-type.  For  example,  film  #549  (x  = 
0.34)  converted  to  n-type  with  77K  mobility  of  1200 
cmWs,  whereas  film  #550  (x  =  0.22)  showed  a  mobil¬ 
ity  of  17000  cmWs  at  77K.  Both  of  these  were  grown 
with  TBAs  temperature  of  20‘"C.  Another  layer  grown 
under  the  same  conditions  as  above  but  with  a  Hg 
pressure  of  0.09  atm  remained  p-type,  with  a  77K 
measured  carrier  concentration  of  3.5  x  lO^Vcm^. 

Secondary  ion  mass  spectroscopy  measurements 
were  carried  out  on  As-doped  layers  to  determine  the 
total  amount  of  As  incorporated.  Figure  3  shows  a 
typical  As  profile  on  a  doped  layer  (#525).  The  higher 
As  concentration  seen  in  the  SIMS  profile  near  the 
surface  is  believed  to  be  due  to  SIMS  artifacts  caused 
by  surface  contamination.  The  As  concentrations 
measured  from  SIMS  are  compared  to  the  80K  Hall 
data  measured  on  several  samples.  The  results  are 
shown  in  Table  I.  Note  that  at  higher  doping  concen¬ 
trations,  close  to  100%  activation  is  observed,  whereas 
at  lower  doping  concentration,  the  activation  of  As  is 
found  to  be  only  50%.  This  is  in  fact  contrary  to  what 
one  would  expect,  because  higher  compensation  is 
expected  as  the  doping  concentration  is  increased. 
The  reason  for  this  difference  may  lie  in  the  accuracy 
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Fig.  3.  Secondary  ion  mass  spectrosocpy  profile  of  typical  As  doped 
sample  (film  #525). 


0  2  4  6  8  10 

DEPTH  ( microns ) 

Fig.  4.  Secondary  ion  mass  spectroscopy  profile  of  a  multilayer 
structure  (film  #490)  where  the  composition  was  changed  intentionally 
from  X  =  0.4  to  0.2,  while  keeping  all  other  parameters  constant. 


Table  I.  Comparison  of  Carrier  Concentration  Measured  at  80K  and  As  Concentration  Measured  by  SIMS 


Hall 

Sample 

t  (pm) 

X 

Hall  (80K) 
1/eRjj  at  2kG 

SIMS  as  (cm-3) 

TBAs  (°C) 

(atm.) 

459 

6.6 

0.26 

2.67  X  1016 

5-8  X  1016 

30 

.07 

460 

7.4 

0.224 

2.11  X  1016 

3-5  X  1016 

40 

.07 

461 

5,5 

0.223 

9.45  X  1016 

1.3-2.1  X  1017 

40 

.09 

525 

3.4 

0.28 

1  X  1017 

1  X  1017 

46 

.07 

Note:  Also  shown  are  the  TBAs  temperatures  and  the  Hg  pressures  used  during  growth. 
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Fig.  6.  Secondary  ion  mass  spectroscopy  profile  of  As  in  doped/ 
undoped  (p-on-n)  grown  junction. 


of  SIMS  when  the  As  concentration  is  below 
1 X  10^'^cni"^. 

We  have  also  studied  the  effect  of  x  value  on  the 
incorporated  As  in  the  layer.  This  was  done  by  making 
SIMS  measurements  on  a  multilayer  structure  con¬ 
sisting  of  several  layers  grown  successively  in  a  single 
growth  run  with  different  x  values,  followed  by  an 
undoped  layer.  All  the  reactor  conditions  except  DMCd 
flow  were  kept  constant.  Secondary  ion  mass  spec¬ 
troscopy  profile  of  this  layer  (#490)  is  shown  in  Fig.  4, 
with  the  inset  showing  the  layer  structure.  The  As 
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Fig.  7.  Secondary  ion  mass  spectroscopy  profile  of  As  in  undoped/ 
doped  (n-on-p)  grown  junction. 

incorporation  is  seen  to  decrease  only  slightly  when 
the  X  value  is  decreased  from  0.4  to  0.2.  Since  the 
TBAs  pressure  used  is  more  than  a  decade  lower 
compared  to  DMCd  pressure,  small  changes  in  the 
DMCd  flow  does  not  seem  to  have  any  appreciable 
effect  on  the  As  incorporation.  Note  that  the  fall  off  in 
the  As  profile  is  gradual  when  TBAs  was  turned  off. 
We  believe  this  gradual  fall  off  is  due  to  the  diffusion 
of  As  occurring  during  the  growth  of  undoped  layer. 
The  composition  of  the  undoped  layer  was  found  to  be 
much  higher  than  the  top  most  doped  layer  even 
though  we  did  not  change  the  DMCd  flows  when  TBAs 
was  turned  off. 

To  study  the  effect  of  TBAs  flow  on  the  composition, 
we  carried  out  the  following  experiment.  Keeping  all 
the  flows  constant,  we  turned  TBAs  flow  on  and  off  as 
shown  in  the  inset  in  Fig.  5.  As  can  be  seen  from  the 
SIMS  data  from  film  #489,  the  x  value  drops  when 
TBAs  is  introduced,  and  the  fall  in  the  x  value  is 
greater  for  heavily  doped  layers.  Once  again,  we 
observed  a  gradual  fall  off  and  rise  in  the  As  concen¬ 
tration  when  TBAs  was  switched  off  and  on. 

We  grew  several  p-on-n  and  n-on-p  device  struc¬ 
tures  by  growing  a  doped  layer  on  an  undoped  layer 
and  vice  versa  for  device  fabrication.  Figures  6  and  7 
show  the  SIMS  profiles  with  the  grown  structures 
shown  in  the  inset.  In  all  cases,  significant  diffusion 
of  As  was  observed  and  we  can  estimate  the  diffusion 
coefficient  at  the  growth  temperature  using  the  single 
Gaussian  profile.  The  value  we  get  is  10"^^  cmVs  and 
this  value  closely  agrees  with  the  diffusion  coefficient 
reported  earlier  for  As  in  HgCdTe.^^’^^  The  diffusion 
coefficient  depends  on  the  Hg  pressure  as  well  and  the 
value  quoted  here  is  at  our  growth  conditions.  A 
similar  tail  in  the  As  profile  was  observed  when  a 
doped  layer  was  grown  on  undoped  layer  indicating 
that  the  profile  is  clearly  not  due  to  any  “memory 
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Table  II.  Characteristics  at  T  =  80K  of  Variable-Area  HgCdTe  Photodiode  Arrays,  Fabricated 
_ from  n-on-p  and  p-on-n  Films  Grown  in  situ  by  DAG  MOCVD 


Device 

Film  Configuration 


493 

535-1 

535-2 


n-on-p 

p-on-n 

p-on-n 


Substrate 

CdTe(100)4°^(110) 

CdTe(100)4°~^(lll)B 

CdTe(100)4°^(lll)B 


Ko 

CO 

(|lm) 

10.3 

8.23 

8.84 


(%) 

10 

5.7 

1.6 


Best 

(ohm-cm^) 

54 

241 

48 


QE(ID) 

(%) 

14 

41 

51 


^OPT 

(|Lim) 

1 

16 

23 


effect”  of  TBAs  in  the  reactor  and  is  due  to  the  As 
diffusion  at  the  growth  temperature.  From  SIMS 
data,  we  can  also  see  that  the  alloy  interdiffusion  rate 
is  lower  than  the  As  diffusion  rate  under  our  growth 
conditions.  This  is  beneficial  in  a  p-on-n  heterojunction 
device  because  the  junction  will  be  located  in  the  low 
X  region  and  not  near  the  graded  region  where  the 
composition  changes  from  low  to  high  x.  This  kind  of 
structure  is  suitable  for  a  high  quantum  efficiency 
and  a  high  zero  bias  resistance  device. 


Photodiode  Characteristics 

Characteristics  of  n-on-p  and  p-on-n  variable-area 
arrays  of  ZnS-passivated  circular  mesa  photodiodes 
fabricated  from  the  DAG  MOVPE  films  described  in 
previous  sections  of  this  paper  are  summarized  in 
Table  11.  The  radius  of  the  diodes  varied  from  20  to  175 
pm.  These  arrays  were  bump-interconnected  to  fanout 
boards  and  tested  in  the  backside-illuminated  con¬ 
figuration,  with  the  radiation  incident  on  the  CdTe 
substrate  surface.  The  CdTe  surface  was  not  anti¬ 
reflection  coated. 

Table  II  lists  the  film  number,  the  substrate  ori¬ 
entation,  the  average  cutoff  wavelength  at  80K, 
the  total  variation  (maximum  minus  minimum)  in 
percent  of  over  the  array,  the  R^A  at  80K  of  the  best 
element  of  the  array,  the  one-dimensional  quantum 
efficiency  QE(ID),  and  the  optical  collection  length 
Lqp^.  The  latter  two  quantities  were  deduced  from  the 
dependence  of  quantum  efficiency  at  80K  on  junction 
area  in  the  variable-area  photodiode  arrays,  as  de¬ 
scribed  in  Ref.  17. 

The  spectral  response  at  80K  and  I-V  curves  and 
RjyA  data  at  80  and  70K  for  one  element  of  the  n-on- 
p  array  from  film  #493  are  shown  in  Fig.  8.  These  are 
the  first  reported  data  for  an  n-on-p  HgCdTe  junction 
grown  in  situ  by  the  DAG  MOVPE  method.  The  best 
R^A  product  of  54  ohm-cm^  is  quite  respectable,  only 
down  by  a  factor  of  two  from  the  LPE  p-on-n 
heterojunction  state-of-the-art  (see  Fig.  10).  How¬ 
ever,  reverse  bias  current  increases  rapidly  with 
increasing  reverse  bias  voltage,  indicative  of  a  defect¬ 
generated  current  mechanism.  The  quantum  effi¬ 
ciency  is  low  and  the  optical  collection  length  is  quite 
short.  These  are  both  consistent  with  the  peak  nature 
of  the  spectral  response  shown  in  Fig.  8,  which  may  be 
due  to  floating  p-n  junctions  formed  at  the  interface 
between  the  CdTe  substrate  and  the  p-type  HgCdTe 
film.  Alternatively,  they  may  be  due  to  a  short  diffu¬ 
sion  length  in  the  heavily  doped  p-type  layer,  in  which 
SIMS  data  showed  the  arsenic  concentration  to  be  at 


Bias  Voltage  (mV) 

Fig.  8.  Relative  quantum  efficiency  spectrum  at  80K,  and  I-V  curves 
and  RpA  product  data  at  80  and  70K,  for  Element  #21  of  an  n-on-p 
HgCdTe  photodiode  array  from  DAG  MOVPE  film  #493. 

1  X  10^^  cm-^. 

The  spectral  response  at  80K  and  I-V  curves  and 
RjjA  data  at  80  and  70K  for  one  element  of  a  p-on-n 
array  from  film  #535-1  are  shown  in  Fig.  9.  Here  the 
spectral  response  curves  for  the  p-on-n  film  is  nearly 
classical  in  shape,  and  the  quantum  efficiency  is  high, 
particularly  when  compared  to  the  maximum  quan¬ 
tum  efficiency  of  80%  achievable  for  a  CdTe  substrate 
with  no  antireflection  coating.  The  optical  collection 
length  of  16  pm  is  generally  consistent  with  the 
minority  carrier  diffusion  len^hs  expected  for  n-type 
HgCdTe  with  doping  in  the  0.5-2  x  10^^  cm-^  range. 
The  reverse  bias  current  rapidly  increases  with  re¬ 
verse  bias  voltage,  indicative  of  defect-dominated 
current  mechanism.  Still  it  is  noteworthy  that  these 
are  the  highest  reported  R^A  products  for  in  situ 
grown  p-on-n  HgCdTe  junctions  by  DAG  MOVPE. 
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Fig.  9.  Relative  quantum  efficiency  spectrum  at  80K,  and  l-V  curves 
and  RpA  product  data  at  80  and  70K,  for  Element  #22  of  a  p-on-n 
HgCdTe  photodiode  array  from  DAG  MOVPE  film  #535-1. 

The  only  previously  reported  p-on-n  HgCdTe  photo¬ 
diodes  grown  in-situ  by  DAG  MOVPE  were  from  the 
Raytheon  group, who  quote  a  R„A  value  of  50  ohm- 
cm^  at  77K  for  a  cutoff  wavelength  of  8.1  pm. 

The  “best  element”  R„A  data  at  80K  in  Table  II  for 
the  n-on-p  and  p-on-n  arrays  grown  in-situ  by  DAG 
MOVPE  are  plotted  vs  cutoff  wavelength  in  Fig.  10. 
For  comparison,  the  state-of-the-art  RpA  values  for  p- 
on-n  LPE  two-layer  heterojunctions  is  indicated  by 
the  heavy  dashed  line.  The  solid  line  in  Fig.  10  is  the 
calculated  R„A  due  to  diffusion  current  from  the  n- 
layer  only,  for  a  thickness  of  15  pm  and  a  lifetime 
determined  by  the  Auger-1  mechanism.  The  dashed 
line  is  the  calculated  R^A  product  due  to  depletion 
layer  g-r  current,  for  doping  levels  of  1  x  10^®  and 
1 X 101®  cm-®  on  the  n-side  and  p-side,  respectively,  and 
for  a  depleted  surface  recombination  velocity  of 
1  X  10*  cm/s.  The  calculated  g-r  limited  R„A  values 
increase  proportionally  to  the  assumed  value  for  S^. 
For  typical  LPE  p-on-n  heterojunction  photodiodes, 
Sq  is  1000  cm/s  or  less. 

DISCUSSIONS 

The  effect  of  Hg  pressure  seen  here  is  similar  to  the 
behavior  observed  earlier  when  arsine  was  used  for 
doping.  19  At  higher  Hg  pressure,  Te  vacancies  present 
will  be  high  and  hence  higher  amounts  of  active  As 
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Fig.  1 0.  Comparison  of  RA  data  at  80K  for  n-on-p  and  p-on-n  HgCdTe 
photodiodes  grown  in  situ  by  DAG  MOVPE  with  the  state-of-the-art  for 
p-on-n  LPE  heterojunctions.  The  LPE  trend  line  is  taken  from  Ref.  17. 

can  be  incorporated.  Thus,  the  number  of  active  sites 
available  for  As  incorporation  is  higher,  which  means 
we  can  dope  to  higher  levels.  In  addition,  from  SIMS 
results,  we  see  that  the  higher  doping  level  observed 
is  not  due  to  decreased  compensation,  but  due  to 
higher  levels  of  arsenic  incorporation  in  the  layer. 
This  can  be  seen  from  the  results  shown  in  Table  I. 
Layers  MCT  #460  and  MCT  #461  were  grown  under 
the  same  TBAs  pressure  conditions  but  at  different 
Hgpartial  pressures  of  0.07  atm  and  0.09  atm,  respec¬ 
tively.  The  As  concentration  seen  in  layer  #461  is 
higher  than  in  layer  #460.  Hence,  Hg  partial  pressure 
also  affects  the  total  incorporation  of  As,  instead  of 
changing  only  the  compensation  ratio. 

One  conclusion  we  draw  from  this  study  is  that  the 
mechanism  by  which  As  incorporates  into  HgCdTe  is 
similar  whether  TBAs  or  arsine  is  used.  Similar  to  the 
model  outlined  before,*®  we  speculate  that  DMCd  and 
TBAs  could  form  an  adduct  in  the  gas  phase.  This  will 
reduce  the  amount  of  DMCd  available  for  incorpora¬ 
tion  in  the  layer,  thus  lowering  the  x  value  when  TBAs 
is  introduced.  A  small  percentage  of  this  adduct  may 
land  on  the  surface  and  decompose  into  Cd-As.  Now, 
when  Cd  incorporates  into  the  lattice.  As  can  incorpo¬ 
rate  into  the  Te  lattice  sites.  This  can  explain  why  As 
is  incorporated  mainly  in  Te  sites  (where  it  behaves  as 
an  acceptor)  in  spite  of  the  fact  that  large  concentra¬ 
tion  of  Hg  vacancies  (VhP  exist  during  growth.  Also, 
increasing  the  Hg  pressure  will  increase  the  concen¬ 
tration  of  Te  vacancies  thus  increasing  the  As 

incorporation.  Based  on  the  above  model.  As  will  not 
be  incorporated  in  Hg  sites.  However,  layers  doped 
under  low  Hg  pressure  conditions  converted  to  poor 
quality  (low  mobility)  n-type  on  annealing  (see  Re¬ 
sults  section).  Other  workers  have  also  reported  poor 
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quality  n-type  layers  when  As  was  used  as  the  p~type 
dopant  in  MBE^o  and  Te-rich  LPE.^i  We  speculate 
that  As  may  incorporate  preferentially  in  Hg  sites 
under  very  low  Hg  pressure  conditions,  owing  to  the 
presence  of  high  concentrations  of  (in  comparison 
to  These  inactive  As  may  be  responsible  for  the 
poor  quality  of  the  material  when  doped  under  low  Hg 
pressure.  Secondary  ion  mass  spectroscopy  measure¬ 
ments  should  be  carried  out  to  confirm  whether  As  is 
present  in  these  layers.  The  Hg  pressure  at  which  p- 
to-n  type  transition  occurs  may  depend  on  the  TBAs 
pressure  as  well. 

The  R^A  values  of  the  devices  reported  here  are  at 
least  a  factor  of  two  lower  compared  to  those  made 
from  the  best  quality  LPE  layers.  We  believe  there  are 
two  reasons  for  the  poor  quality  of  the  devices.  First, 
these  layers  have  higher  density  of  defects  (low  10® 
cm~^  vs  low  10®  cm"^)  compared  to  LPE  layers.  Another 
important  reason  we  speculate  is  that  the  diffused  As 
present  near  the  junction  is  inactive  or  n-type.  Since 
the  tail  in  the  As  profile,  we  have  seen  is  due  to 
diffusion  under  low  Hg  pressure  condition,  most  of 
these  As  are  in  Hg  sites  rather  than  in  active  Te  sites. 
Generally,  an  activation  anneal  at  higher  tempera¬ 
ture  (>400°C)  is  required  to  activate  these  diffused 
As.  Hence,  a  higher  temperature  Hg-rich  activation 
anneal  followed  by  a  low  temperature  stoichiometric 
anneal  may  improve  the  junction  characteristics. 

CONCLUSIONS 

We  have  demonstrated  that  TBAs  in  the  effuser 
mode  can  be  used  as  an  arsenic  source  for  direct  alloy 
growth  of  MOVPE  HgCdTe  p-on-n  and  n-on-p  in-situ 
grown  junctions.  The  acceptor  level  could  be  con¬ 
trolled  in  the  range  1.2  x  lOWcm®  to  2.2  x  lO^Vcm®,  by 
either  increasing  the  TBAs  partial  pressure  or  by 
increasing  the  Hg  partial  pressure.  We  have  found 
that  As  incorporation  is  a  stronger  function  of  Hg 
partial  pressure  than  that  of  TBAs  pressure.  Layer 
grown  at  a  low  Hg  pressure  of  <0.06  atm  showed  n- 
type  behavior,  possibly  caused  by  the  incorporation  of 
As  in  Hg  sites.  From  Hall  and  SIMS  data,  we  estimate 
that  more  than  50%  of  incorporated  As  is  active.  From 
SIMS  profiles,  the  diffusion  coefficient  of  arsenic  for  x 
=  0.24  material  was  calculated  to  be  10^®  cmVs  at 
370°C,  under  our  growth  conditions.  Both  p-on-n  and 
n-on-p  grown  junctions  were  processed  to  fabricate 
devices  and  the  results  show  that  DAG  MOVPE  can 
be  used  to  fabricate  advanced  device  structures.  Fur¬ 
ther  improvements  will  be  necessary  to  fully  exploit 
this  technology. 
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Application  of  Spectroscopic  Ellipsometry  for  Real-Time 
Control  of  CdTe  and  HgCdTe  Growth  in  an  OMCVD  System 
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A  multi- wavelength  in-situ  spectroscopic  ellipsometer  system  is  described.  The 
hardware  can  acquire  accurate  ellipsometric  data  at  44  wavelengths  in  less  than 
one  second,  is  simple  and  compact,  and  is  well  suited  for  in-situ  monitoring  of 
chemical  vapor  deposition.  The  software  used  for  data  analysis  is  capable  of 
determining  the  growth  rate  and  composition  of  the  growing  layer  in  real  time. 

These  tools  were  used  to  study  the  organometallic  chemical  vapor  deposition  of 
CdTe,  HgTe,  and  HgCdTe  on  GaAs.  We  could  obtain  the  dielectric  constants  of 
these  materials  at  the  growth  temperature  and  also  the  growth  rate  and 
composition  of  the  layers  in  real  time.  Feedback  control  of  CdTe  growth  was 
performed  by  connecting  an  analog  control  voltage  line  from  the  data  acquisition/ 
analysis  computer  to  the  dimethylcadmium  mass  flow  controller.  Using  dielec¬ 
tric  constants  of  HgCdTe  for  two  different  compositions  at  the  growth  tempera¬ 
ture,  composition  control  of  HgCdTe  was  attempted  in  a  similar  manner. 

Key  words:  CdTe,  GaAs  substrates,  HgCdTe,  in  situ  monitoring, 

organometallic  vapor  phase  epitaxy  (OMVPE),  spectroscopic 
ellipsometry 


INTRODUCTION 

Many  compound  semiconductors,  such  as  HgCdTe 
(MCT)  are  now  grown  by  the  chemical  vapor  deposi¬ 
tion  (CVD)  process.  During  the  growth,  various  pa¬ 
rameters  such  as  layer  thickness,  composition,  inter¬ 
face  quality,  dopant  incorporation,  and  quality  of  the 
(hetero)  epitaxial  layer  need  to  be  monitored  and 
controlled.  The  growth  mechanism  also  needs  to  be 
well  understood.  An  in-situ,  noninvasive,  real-time 
monitoring  technique  will  be  well  suited  for  this  task. 

Reflection  high  energy  electron  diffraction  (RHEED) 
is  the  usual  technique  employed  in  high-vacuum 
growth  environments  such  as  molecular  beam  epit¬ 
axy  (MBE),  but  by  its  very  nature  is  unsuitable  for 
general  CVD  systems.  However,  optical  monitoring 
techniques  such  as  reflectance  difference  spectros- 
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copy  (RDS),  laser  reflectance,  and  spectroscopic 
ellipsometry  have  been  used  to  study  growth  in  CVD 
systems. 

Reflectance  difference  spectroscopy^  is  the  optical 
analog  of  RHEED  and  is  surface  sensitive.  By  mea¬ 
suring  the  polarization  anisotropy  of  near-normal 
incident  light,  the  nature  and  time  evolution  of  changes 
at  the  surface  may  be  monitored.  Since  it  is  mainly  a 
surface  sensitive  technique,  it  is  not  suited  for  con¬ 
trolling  bulk  properties  like  layer  thickness  and  com¬ 
position.  Laser  reflectometry^  monitors  the  near-nor¬ 
mal  reflectance  intensity  and  is  mainly  sensitive  only 
to  the  thickness  of  the  growing  layer.  Spectroscopic 
ellipsometry^  is  both  bulk  and  surface  sensitive  and 
can  resolve  both  thickness  and  composition  and  also 
3rield  information  on  surface  roughness.  However, 
this  is  a  highly  computational  intensive  technique 
and  only  recently,  with  advances  in  computer  hard¬ 
ware  and  software,  can  the  data  be  acquired  and 
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Fig.  1 .  Spectroscopic  eiiipsometer  mounted  on  CVD  system. 


processed  within  a  fraction  of  a  second.  This  has  made 
possible  the  use  of  this  technique  in  a  real-time 
environment.  The  usefulness  of  this  technique  has 
been  demonstrated  previously,^  both  in  MBE  and 
CVD  systems. 

HARDWARE 

Figure  1  shows  the  main  components  of  eiiipsometer 
hardware  positioned  around  a  modified  reactor  tube 
to  allow  in-situ  measurements  during  chemical  vapor 
deposition  growth.’  The  fused  silica  optical  flat  win¬ 
dows  were  flushed  with  Hg  to  prevent  window  fogging. 
The  eiiipsometer  was  employed  in  the  standard  rotat¬ 
ing  analyzer  configuration,  which  is  well  suited  for 
acquiring  data  in  growth  environments.®  A  Xenon  arc 
lamp  acts  as  a  wide  spectral  source.  Spectral  resolu¬ 
tion  is  obtained  using  a  diffraction  grating  monochro¬ 
mator  placed  after  the  rotating  analyzer.  Normally, 
fining  this  would  introduce  large  errors  due  to  the 
polarization  dependent  sensitivity  of  the  monochro¬ 
mator.  These  errors  are  eliminated  using  a  correction 
formula  derived  by  Russev®  and  by  the  use  of  a 
regression  calibration  method  to  calibrate  the 
eiiipsometer.’®  The  monochromator  contains  a  46 
element  Si  photodiode  array.  Filtering  and  multiplex¬ 
ing  electronics  are  connected  to  44  of  these  elements, 
allowing  the  signal  to  be  digitized  at  44  wavelengths 
(ranging  from  404  to  7 40  nm)  within  a  single  analyzer 
revolution  (0.05  s).  Data  can  be  acquired  and  analyzed 
within  a  fraction  of  a  second,  but  highly  accurate 
ellipsometric  data  can  be  obtained  by  averaging  data 
over  20  analyzer  revolutions,  which  takes  about  one 
second. 

An  Intel  80486  based  computer,  running  Microsoft 
Windows™  was  used  for  instrument  control,  data 
acquisition,  data  analysis,  8md  process  control  feed¬ 
back. 

DATA  ANALYSIS 

A  Fourier  analysis  is  performed  on  the  intensity 
signal  of  all  44  wavelengths  sampled  sequentially. 
The  coefficients  of  the  second  harmonics  of  the  ana¬ 
lyzer  rotation  frequency  are  obtained  and  the 
ellipsometric  parameters  T  and  A  are  extracted  from 
them.  These  are  linked  to  the  growth  behavior  using 
three  different  methods  of  data  analysis.  In  all  meth¬ 


ods,  exact  Fresnel  expressions  are  used  to  calculate 
the  model  and  the  Levenberg-Marquadt  regression 
algorithm”  is  used  to  fit  the  model  to  the  data. 

Prior  to  attempting  feedback  control,  we  need  the 
dielectric  constants  of  the  material  at  the  growth 
temperature  (and  at  different  compositions,  if  an 
alloy).  We  used  the  following  modeling  techniques  to 
obtain  them. 

We  denote  the  first  method  as  the  “Standard  Model” 
method.  Here,  a  user-defined  model  for  the  various 
layers  is  fit  to  ellipsometric  data  at  one  particular 
instant.  This  is  the  typical  analysis  method  for 
ellipsometric  data,  and  may  be  used  to  obtain  the 
dielectric  constants  of  the  substrate,  temperature  of 
the  substrate,  film  thickness,  and  surface  roughness. 
The  desired  material  can  be  grown  optically  thick, 
treated  as  a  substrate  and  its  optical  constants  ob¬ 
tained  at  the  growth  temperature. 

We  denote  the  second  method  as  the  “Growth  Rate” 
method.  The  time  evolution  of  the  ellipsometric  data 
acquired  during  growth  can  be  used  to  determine  the 
optical  constants  and  the  growth  rate.  A  model  is 
constructed  where  the  film,  with  unknown  dielectric 
constants,  grows  at  a  certain  rate  on  a  substrate 
whose  dielectric  constants  are  known.  The  ellipso¬ 
metric  data  generated  by  this  model,  as  a  function  of 
time,  is  then  fit  to  the  experimental  ellipsometric  data 
measured  during  deposition.  We  can  use  this  method 
to  determine  the  average  growth  rate  and  dielectric 
constants  of  an  unknown  epilayer.  This  is  based  on 
the  same  principles  as  a  multiple  sample  analysis 
method  described  by  McGahan  et  al.’^ 

In  order  to  perform  control,  we  also  need  the  growth 
rate  and/or  composition  in  real  time.  For  this,  we  use 
the  third  method,  namely  the  “Virtual  Interface” 
method,  first  proposed  by  Aspnes.’®  This  makes  use  of 
Aspnes’  common  pseudo-substrate  approximation,  but 
the  analysis  proceeds  in  a  slightly  different  manner. 
In  this  method,  two  sets  of  ellipsometric  data,  ac¬ 
quired  at  consecutive  sampling  times,  are  used  to 
determine  the  film  growth  rate  and/or  composition 
within  that  time  interval.  The  ellipsometric  data  at 
the  first  sampling  time,  when  transformed  into  pseudo¬ 
dielectric  functions,  defines  a  “Virtual  Interface”  which 
is  assumed  to  contain  the  entire  growth  history  of  the 
sample.  This  is  not  exact,  but  works  well  for  the 
growth  of  semiconductors  on  semiconductors.  Amodel 
consisting  of  the  virtual  interface  with  an  overlayer  is 
then  fit  to  the  ellipsometric  data  acquired  at  the 
second  sampling  time  by  suitably  adjusting  the 
overlayers  thickness  and/or  composition.  This  method 
is  used  here  to  determine  the  instantaneous  growth 
rate  and  composition  of  the  layers,  and  also  used  for 
the  closed  loop  control. 

EXPERIMENTAL  RESULTS 
CdTe  Growth  Monitoring  and  Control 

Our  system  was  first  used  for  in-situ  monitoring  of 
CdTe  grown  on  GaAs  substrates.  GaAs  dielectric 
constants  at  350°C  were  determined  using  “Standard 
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Model”  analysis  prior  to  growth.  CdTe  was  then 
grown  on  (100)  GaAs,  misoriented  6  or  10°  toward  110 
at  350°C  in  an  atmospheric  pressure  reactor  with  a 
partial  pressure  of  1  x  10"^  atm  for  dimethylcadmium 
(DMCd)  and  3  x  10"^  atm  for  diisopropyltelluride 
(DIPTe).  Owing  to  the  reduced  capability  of  our  in¬ 
strument  at  the  time,  ellipsometric  T  and  A  data  at  12 
wavelengths  (from  404  to  740  nm)  were  acquired 
every  three  seconds.  The  CdTe  optical  constants  at 
350°C  were  then  determined  by  “Growth  Rate”  analy¬ 
sis  using  only  data  taken  between  4  and  20  min.  The 
growth  rate  was  determined  to  be  2.48A/s  which 
agreed  with  the  post-deposition  analysis.  Using  the 
dielectric  constants  obtained  above,  a  “Standard 
Model”  fit  was  performed  for  CdTe  layers  grown 
during  the  first  20  min.  It  was  necessary  to  include  a 
“surface  roughness”  layer  consisting  of  a  50%  mixture 
(by  volume)  of  CdTe  and  void  (using  the  Bruggeman's 
effective  medium  approximation),^^  along  with  the 
GaAs  substrate  and  CdTe  epilayer,  to  accurately 
model  the  growth.  Figure  2  shows  the  film  roughness 
as  a  function  of  time.  A  large  roughness  layer  is  seen 
in  the  initial  phase  of  growth  which  may  be  explained 
by  the  process  of  CdTe  film  nucleation  on  the  bare 
substrate.  The  ellipsometric  T  data  measured  during 
deposition  and  analyzed  using  standard  model  is 
shown  in  Fig.  3. 

Having  characterized  the  growth  of  CdTe  on  GaAs 
using  the  post-deposition  analysis  of  in-situ  data,  an 
attempt  was  made  to  perform  real-time  monitoring 
and  feedback  control.  The  determination  of  the  dy¬ 
namic  growth  rate  of  CdTe  was  done  using  the  previ¬ 
ously  determined  CdTe  optical  constants  and  the 
real-time  “Virtual  Interface”  method. 


Fig.  2.  Roughness  layer  on  CdTe  during  deposition. 
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CdTe  was  grown  on  GaAs  under  similar  conditions 
as  described  previously.  Feedback  control  of  growth 
was  then  attempted  as  follows:  for  the  first  four 
minutes  of  growth,  the  DMCd  mass  flow  controller 
was  set  at  65%,  resulting  in  an  average  growth  rate  of 
4.8A/S.  At  t  =  4  min,  the  computer  was  given  control 
of  the  DMCd  MFC  via  an  analog  (0-5  V}  line  and 
instructed  to  reduce  the  growth  rate  to  2.8A/s.  As  can 
be  seen  from  Fig.  4,  the  CdTe  growth  rate  subse¬ 
quently  dropped,  undershot  the  desired  value,  and 
stabilized  at  a  rate  of  about  2.8A/s.  The  processing 
time  required  was  insignificant,  since  the  ellipsometric 
data  at  12  wavelengths  were  acquired,  analyzed,  and 
feedback  voltage  provided  every  3.15  s.  A  simple 
proportional  control  algorithm  was  used,  which  re¬ 
sulted  in  undershoot.  Post-deposition  “Standard 
Model”  analysis  of  this  run  yielded  the  thickness  vs 
time  curve  in  Fig.  5.  The  kink  in  the  growth  rate 
aroimd  t  =  4  min  confirms  the  demonstration  of 
feedback  control. 

Growth  of  Optically  Thick  HgTe  and  CdTe 

The  next  step  was  to  monitor  the  growth  of  both  the 
constituents  of  HgCdTe,  namely  HgTe  and  CdTe, 
before  an  attempt  was  made  on  the  control  of  HgCdTe. 
Alternate  layers  of  CdTe  and  HgTe  were  grown  on 
(100)  GaAs  misoriented  10°  toward  (110)  at  350°C. 
The  partial  pressures  of  DMCd  and  Hg  were  4.5  x  10“^ 
atm  and  0.02  atm,  respectively.  A  partial  pressure  of 
4.7  X  10^  atm  for  DIPTe  was  used  for  both  materials. 
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Fig.  4.  Growth  rate  of  CdTe  determined  in  real-time  during  feedback 
control  experiment. 
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Fig.  3.  Ellipsometric data  obtained  during  growth  of  CdTe  on  GaAs. 


Time  in  Minutes 

Fig.  5.  CdTe  film  thickness  as  a  function  of  time  during  feedback 
control  deposition. 
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Fig.  6.  Ellipsometric  Si'  and  A  data  for  alternate  layers  of  optically  thick 
HgTe  and  CdTe  grown  on  GaAs. 


The  portion  of  the  reactor  wall  before  the  susceptor 
was  heated  to  165°C  and  the  Hg  source  was  main¬ 
tained  at  275°C. 

Ellipsometric  data  was  acquired  throughout  the 
growth  (Fig.  6).  As  can  be  seen  from  Fig.  6,  the 
elUpsometric  data  for  optically  thick  CdTe  and  HgTe 
are  the  same  in  their  respective  layers  for  the  wave¬ 
lengths  of  interest.  The  trajectories  for  the  data  for 
each  material  as  a  function  of  time  show  excellent 
correspondence  in  all  their  respective  layers.  This 
shows  that  both  the  material  grown  and  the  data 
acquired  and  processed  by  the  ellipsometer  are  quite 
reliable.  We  can,  therefore,  attempt  to  monitor  the 
growth  of  HgCdTe  with  some  confidence. 

Monitoring  of  Direct  Alloy  Grown  HgCdTe 

HgCdTe  was  grown  on  GaAs  using  the  direct  alloy 
growth  technique  at  350°C.  A  CdTe  buffer  was  first 
grown,  followed  by  a  HgCdTe  layer  and  a  CdTe  cap  at 
the  end.  The  partial  pressures  of  DMCd,  DIPTe,  and 
Hg  used  in  all  cases  were  4.5  x  Kh®  atm,  4.7  x  10“^  atm, 
and  0.02  atm,  respectively.  The  wall  was  kept  at 
165°C.  The  objective  was  to  obtain  the  optical  con¬ 
stants  for  the  optically  thick  HgCdTe  layer  at  the 
growth  temperature.  Repeating  this  at  different  com¬ 
positions  would  permit  the  compilation  of  a  library  of 
optical  constants  at  different  compositions.  These 
could  then  be  suitably  incorporated  for  feedback  con¬ 
trol. 


Fig.  7.  Composition  of  Hg,.^CdJe  determined  in  real  time  during 
control  experiment. 


Control  of  DAG  Growth  of  HgCdTe 

Having  obtained  optical  constants  for  HgCdTe  at 
the  growth  temperature  at  two  compositions,  an  at¬ 
tempt  was  made  to  control  the  composition.  The 
computer  was  given  control  of  the  DMCd  MFC  and 
optically  thick  HgCdTe  of  composition  x  =  0.23  was 
first  grown.  A  step  in  the  composition  was  then  fed  to 
the  computer,  which  tried  to  control  it  to  reach  x  = 
0.35.  As  can  be  seen  from  the  dynamic  composition 
data  shown  in  Fig.  7,  the  target  composition  is  reached. 
We  observe  an  abrupt  change  in  the  composition  at 
around  t  =  6  min,  the  cause  of  which  could  not  be 
explained.  The  control  voltage  was  generated  using  a 
proportional  control  algorithm.  In  order  to  obtain  the 
optical  constants  of  HgCdTe  at  compositions  other 
than  those  measured,  a  critical  point  dependent  spec¬ 
trum  shifting  weighted  algorithm  (from  Snyder)^® 
was  used. 

CONCLUSIONS 

We  have  demonstrated  the  control  of  CVD  growth 
using  an  integrated  multi-wavelength,  in-situ 
ellipsometer  system  with  fast  data  acquisition,  analy¬ 
sis,  and  real-time  feedback  capability.  The  elUpsometer 
was  used  for  real-time  monitoring  and  control  of 
CdTe,  HgTe,  and  HgCdTe  growth  on  GaAs  by  OMCVD. 
In  order  to  perform  very  reliable  and  accurate  control 
of  HgCdTe  growth,  the  following  steps  are  required: 
an  extensive  library  of  growth  temperature  optical 
constants  as  a  function  of  composition  is  needed; 
system  identification  from  a  control  viewpoint  is 
needed  to  ensure  proper  and  fast  response.  These 
efforts  are  now  rmderway.  The  system  is  versatile  so 
that  the  method  outlined  is  applicable  to  any  CVD 
system. 
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Growth  of  High  Quality  CdTe  and  ZnTe  on  Si  Substrates 
Using  Organometallic  Vapor  Phase  Epitaxy 

WEN-SHENG  WANG  and  ISHWARA  BHAT 

Electrical,  Computer,  and  Systems  Engineering  Department,  Rensselaer 
Polytechnic  Institute,  Troy,  NY  12180 

Epitaxial  (100)  CdTe  and  ZnTe  layers  with  high  crystalline  quality  have  been 
grown  on  Si  substrates  by  atmospheric  pressure  organometallic  vapor  phase 
epitaxy  (OMVPE).  A  thin  Ge  interfacial  layer  grown  at  low  temperature  was 
used  as  a  buffer  layer  prior  to  ZnTe  and  CdTe  growth.  The  layers  were 
characterized  by  Nomarski  optical  microscopy  and  double  crystal  x-ray  diffrac¬ 
tion.  Double  crystal  rocking  curves  with  full  width  at  half  maximum  of  about  1 10 
and  250  arc-sec  have  been  obtained  for  a  7  |im  thick  ZnTe  layer  and  a  4  pm  thick 
CdTe  layer,  respectively.  The  results  presented  demonstrate  a  novel  method  of 
in-situ  Si  cleaning  step  without  a  high  temperature  deoxidation  process  to  grow 
high  quality  CdTe  and  ZnTe  on  Si  in  a  single  OMVPE  reactor. 

Key  words:  CdTe/Si,  Ge/Si,  heteroepitaxy,  organometallic  vapor  phase 
epitaxy  (OMVPE) 


INTRODUCTION 

Heteroepitaxy  of  CdTe  on  foreign  substrates  has 
been  carried  out  for  several  years,  since  CdTe  is  not 
available  in  large  area  wafer  form.  These  substrates 
are  to  be  used  for  eventual  growth  of  HgCdTe.  Silicon 
substrates  are  the  best  choice  for  heteroepitaxy  of 
CdTe  and  HgCdTe,  since  the  thermal  mismatch  prob¬ 
lems  can  be  reduced  when  Si  signal  processing  elec¬ 
tronics  is  In-bonded  to  detector  arrays  in  hybrid 
infrared  focal  plane  array  fabrication.  In  addition,  it 
is  possible  to  integrate  the  HgCdTe  infrared  sensors 
and  signal  processing  electronics  in  the  same  wafer,  if 
high  quality  HgCdTe  can  be  grown  on  Si. 

The  principal  difficulties  for  growing  high  quality 
CdTe  arise  from  the  presence  of  strong  native  oxide  on 
Si,  and  the  problems  associated  with  lattice  and 
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thermal  mismatch  between  CdTe  and  Si.  Several 
reports  in  the  literature^’^  claim  that  hydrogen  passi¬ 
vated  Si  surface  can  be  prepared  by  etching  Si  in  a 
dilute  HE  solution  and  this  passivated  Si  is  stable  up 
to  several  minutes  in  air.  If  loaded  quickly  into  an 
ultra  high  vacuum  (UHV)  chamber,  an  oxide  free 
surface  can  be  obtained.  However,  presence  of  sub¬ 
monolayer  oxide  cannot  be  ruled  out  because  of  varia¬ 
tions  in  processing  conditions.  In  addition,  the  strong 
Si-H  bonds  may  prevent  single  crystal  CdTe  growth 
unless  hydrogen  is  desorbed  from  Si.  Absence  of 
epitaxy  caused  by  hydrogen  has  been  observed  in  Si 
homoepitaxy, ^  and  similar  problems  associated  with 
Si-H  bonds  can  be  expected  in  CdTe  growth  on  Si  by 
organometallic  vapor  phase  epitaxy  (OMVPE). 

There  are  two  approaches  to  achieve  CdTe  growth 
on  Si.  In  molecular  beam  epitaxy  (MBE)^  and  UHV^ 
systems.  Si  substrates  are  heated  to  high  tempera¬ 
ture  (>850°C)  to  remove  Si  surface  oxide,  and  CdTe  is 


451 


452 


Wang  and  Bhat 


Fig.  1 .  The  Ge  layer  thickness  as  a  function  of  growth  time,  (a)  Si 
substrate  was  dipped  in  dilute  HF:methanol  solution  prior  to  Ge 
growth,  (b)  Si  substrate  treated  in  HCI:H202;H20  (4:1  ;1  by  volume)  at 
90°C  for  10  min  before  Ge  growth. 


Fig.  2.  Surface  morphology  of  a  7  urn  thick  ZnTe  layer  grown  on 
(lOO)Si,  misoriented  nine  degrees  toward  [011].  The  marker  repre¬ 
sents  25  pm. 


deposited  on  these  cleaned  surfaces.  However,  this 
high  temperature  baking  step  is  not  preferred  in 
OMVPE  because  Te  reacts  with  Si.®  Therefore,  any 
adsorbed  Te  in  the  reactor  from  a  previous  run,  or  if 
the  reactor  is  not  fully  cleaned  of  Te,  may  react  with 
Si  resulting  in  “pitted”  Si  surface.  In  addition,  this 
high  temperature  deoxidation  step  should  be  avoided 
completely  if  signal  processing  electronics  are  already 
present  in  the  wafer.  Another  approach  is  to  use 
commercially  available  GaAs/Si  substrate  in  OMVPE.’ 
Since  both  Ga  and  As  are  dopant  impurities  in  CdTe 
and  HgCdTe,  the  complete  structure  (HgCdTe/CdTe/ 
GaAs/Si)  cannot  be  grown  in  a  single  reactor.  More¬ 
over,  use  of  GaAs/Si  substrate  significantly  increases 
the  starting  substrate  cost. 


Most  of  the  reported  CdTe  layers  grown  on  Si  (100) 
substrate  are  of  (111)  orientation.  This  orientation 
suffers  from  high  density  of  twin  defect  formation, 
which  does  not  occur  in  ( 100)  oriented  epitaxy.  Hence, 
it  is  important  to  study  the  growth  of  (100)  oriented 
CdTe  on  ( 100)  Si  for  the  subsequent  growth  of  HgCdTe. 
This  orientation  can  also  be  used  for  Hg-rich  liquid 
phase  epitaxy  (LPE)  growth  of  HgCdTe.  In  this  paper, 
a  novel  method  to  grow  high  quality  (100)  ZnTe  and 
CdTe  on  (100)  Si  substrates  by  OMVPE  without  using 
high  temperature  deoxidation,  namely  by  growing  a 
Ge  interfacial  layer  on  Si  before  ZnTe  and  CdTe 
growth,  will  be  reported. 

EXPERIMENTAL  DETAILS 

All  the  studies  reported  here  were  carried  out  in  a 
2"  diameter  reactor  operated  under  atmospheric  pres¬ 
sure.  No  load  lock  or  glove  box  was  used.  Hence,  the 
system  and  the  susceptor  were  exposed  to  air  during 
sample  loading.  The  graphite  susceptor  was  heated 
using  a  radio  frequency  generator.  (lOO)Si  wafers, 
misoriented  nine  degrees  toward  [011]  direction,  were 
used.  The  substrates  were  cleaned  by  using  the  pro¬ 
cess  similar  to  that  of  Ishizaka  et  al.®  Finally,  the 
native  oxide  was  removed  by  dilute  hydrofluoric  acid 
(HF)  solution  before  the  substrates  were  loaded  into 
the  reactor.  Ge  growth  on  Si  was  carried  out  by  the 
decomposition  of  GeH^  gas  at  a  temperature  range 
from  420  to  700°C.  ZnTe  and  CdTe  films  were  grown 
in  the  same  reactor  on  Ge/Si  substrates  using 
dimethylcadmium  (DMCd),  dimethylzinc  (DMZn),  and 
diethyltellurium  (DETe)  as  the  precursors.  The  ZnTe 
growth  temperature  was  420°C  and  that  of  CdTe  was 
360°C.  The  surface  morphology  of  layers  was  exam¬ 
ined  by  Nomarski  optical  microscopy.  The  crystal 
quality  of  films  was  measured  by  single  and  double 
crystal  x-ray  diffraction. 

RESULTS  AND  DISCUSSIONS 

It  has  been  reported  by  Takahasi  et  al.®  that  ger¬ 
mane  gas  reacts  with  native  oxide  (SiO^^)  to  form 
volatile  GeO  resulting  in  clean  Si  surface  coated  with 
a  thin  layer  of  Ge.  Their  studies  were  carried  out  in  a 
UHV  chemical  vapor  deposition  (CVD)  system  in  the 
350  to  500°C  range.  To  investigate  Si  surface  deoxida¬ 
tion  at  atmospheric  pressure,  Ge  growth  on  Si  was 
studied  at  450°C.  Figure  1  shows  the  Ge  thickness 
grown  on  Si  at  450°C  as  a  function  of  time.  For  curve 
(a),  there  is  a  delay  time  of  about  4  min  before  growth 
starts.  For  curve  (b),  the  Si  substrates  were  treated 
with  a  HChHjOtHgOg  solution  which  leaves  about  8A 
thick  native  oxide.®  A  23  min  delay  time  occured  when 
this  intentional  oxide  layer  was  grown.  When  thermal 
lOOOA  thick  SiOg  covered  Si  was  used,  no  Ge  growth 
was  observed  even  after  one  hour  of  growth.  The  delay 
time  observed  was  thought  to  be  caused  by  the  time 
required  to  reduce  the  native  oxide  by  adsorbed  ger¬ 
mane  molecules.  It  was  speculated  that  Ge  growth 
starts  when  all  the  SiOj^  is  desorbed.  However,  a 
quantitative  secondary  ion  mass  spectroscopy  (SIMS) 
measurement  is  required  to  ascertain  the  role  of 
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GeH^.  Using  a  two-step  growth  process,  a  high  quality 
Ge  layer  on  Si  was  obtained,  with  featureless  surface 
morphology.^®  First,  a  300A  thick  Ge  layer  was  grown 
at  450°C,  followed  by  a  thicker  layer  at  650°C.  The  x- 
ray  full  width  at  half  maximum  (FWHM)  of  a  1  |im 
thick  Ge  epilayer  was  about  140  arc-sec. 

CdTe  growth  on  Ge/Si  was  carried  out  at  tem¬ 
peratures  from  360  to  450°C.  For  a  growth  tempera¬ 
ture  of  360°C,  the  CdTe  layer  was  (111)  dominated 
with  a  small  fraction  of  (100)  phase.  When  the  growth 
temperature  was  increased,  the  orientation  of  the 
layer  changed  from  (111)  to  (100).  At  420°C  or  higher, 
the  CdTe  layers  become  (100)  single  crystalline.  This 
result  is  similar  to  the  result  reported  earlier  for  CdTe 
growth  on  Ge  substrate.^^  The  change  of  CdTe  orien¬ 
tation  from  (111)  to  (100)  at  about  400°C  may  be 
attributed  to  the  formation  of  Ge-Te  interfacial  layers 
which  promote  (100)  growth.  However,  when  a  thin 
layer  of  ZnTe  was  deposited  prior  to  CdTe  growth, 
only  (100)  CdTe  was  obtained  at  all  growth  tempera¬ 
tures.  Hence,  the  growth  of  ZnTe  on  Ge/Si  was  in¬ 
vestigated  to  control  the  CdTe  orientation.  Single 
crystal  (100)  ZnTe  with  high  crystal  quality  could  be 
grown  on  Ge/Si  substrates  at  a  temperature  range 
from  360  to  450°C,  with  the  optimum  layers  at  420°C. 
The  surface  morphology  and  the  double  crystal  x-ray 
diffraction  data  for  a  7  pm  thick  ZnTe  layer  are  shown 
in  Fig.  2  and  Fig.  3.  To  our  knowledge,  the  x-ray 
FWHM  of  110  arc-sec  is  the  best  reported  result  for 
ZnTe  grown  on  Si  substrate. 

Figures  4  and  5  show  the  Nomarski  contrast  micro¬ 
graph  and  the  double  crystal  xray  diffraction  of  a  4  pm 
thick  CdTe  layer  grown  on  Si  with  the  ZnTe/Ge 
interfacial  layer,  demonstrating  the  excellent  surface 
morphology  and  high  crystalline  quality.  These  re¬ 
sults  represent  the  highest  crystalline  quality  ever 


Relative  Bragg  Angle  ( arc-sec ) 

Fig.  3.  Double  crystal  x-ray  rocking  curve  of  a  7  thick  ZnTe  grown 
on  (100)  Si,  misoriented  nine  degrees  toward  [011].  The  FWHM  is  1 1 0 
arc-sec. 


obtained  for  CdTe  on  Si  substrates  grown  in  a  single 
OMVPE  reactor,  and  are  comparable  in  quality  to  the 
recent  results  of  CdTe  grown  on  ZnTe/Si  substrate 
using  MBE.^2  The  thickness  of  the  Ge  layer  is  not 
critical,  and  the  results  are  the  same  for  Ge  layer  of 
300A  or  1  pm.^^  One  concern  we  have  when  a  polar 
semiconductor  is  grown  on  a  nonpolar  semiconductor 
is  the  likelihood  of  having  antiphase  domains  (APD). 
We  investigated  this  using  a  selective  etching  solu¬ 
tion,  E-Agl  (0.5  mg  AgNOg  +  lOcc  E-solution,  E- 
solution:  lOcc  HNOg  -i-  20cc  H2O  -1-  4g  K2Cr207).^^ 
Figures  6a  and  6b  show  the  etched  surfaces  of  CdTe 
grown  on  (100)  Si  and  (100)  Si  which  had  a  misori- 


Fig.  4.  Surface  morphology  of  a  4  pm  thick  CdTe  layer  grown  on 
(lOO)Si,  misoriented  nine  degrees  toward  [011].  The  marker  repre¬ 
sents  25  pm. 


Relative  Bragg  Angle  ( arc-sec ) 

Fig.  5.  Double  crystal  x-ray  rocking  curve  of  a  4  pm  CdTe  grown  on 
(100)  Si,  misoriented  nine  degrees  toward  [011].  The  FWHM  is  250 
arc-sec. 
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Fig.  6.  The  surface  morphology  of  CdTe  layers  grown  on  SI  substrate 
after  etched  E-Ag1  solution,  (a)  CdTe  layer  grown  on  (100)  oriented  Si. 
(b)  CdTe  layer  grown  on  (100)Si,misoriented  nine  degrees  toward 
[011].  The  marker  represents  25  pm.  Note  the  absence  of  APDs  in 
misoriented  substrate. 


entation  of  nine  degrees  toward  [Oil],  respectively. 
For  CdTe  grown  on  (100)  oriented  Si,  many  APDs 
were  observed.  Each  domain  is  approximately  100 
ILim^  in  size.  However,  such  domains  were  not  seen  in 
CdTe  layers  grown  on  nine  degrees  misoriented  Si. 
Similar  results  are  obtained  when  GaAs  is  grown  on 
misoriented  Si,  and  the  same  mechanism  may  be 
operating  here.^^-^®  The  etch  pit  density  (about  3  x  10^ 
cm-2)  for  CdTe  grown  on  nine  degrees  misoriented 
(100)  Si,  however,  is  rather  low  compared  to  x-ray 
diffraction  data.  It  is  reported  that  etch  pits  of  (100) 
CdTe  cannot  be  fully  revealed  by  etching  in  E-Agl 
solution.i’^  Hence,  real  etch  pit  counts  will  be  possibly 
higher  than  the  value  reported  here. 

To  understand  the  role  of  germane,  direct  growth  of 
CdTe  on  Si  was  conducted  under  various  growth 
conditions.  We  always  got  oriented  (111)  polycrystals 
when  the  growth  temperatures  were  in  the  range  of 
300  to  dbO'^C.^  The  absence  of  epitaxial  growth  may  be 


caused  by  the  presence  of  submonolayer  native  oxide 
on  Si  even  after  the  HF  etch.  Also,  the  Si  surface 
oxidation  during  heat-up  is  very  likely  from  the 
adsorbed  O2  and  moisture  on  the  reactor  wall  for  an 
atmospheric  pressure  reactor  without  a  loadlock. 
Germane  gas  can  scavenge  oxygen  from  the  reactor 
wall  as  well.  Another  reason  for  the  polycrystalline 
CdTe  growth  may  be  from  the  presence  of  strong  Si- 
H  bonds  which  are  stable  up  to  about  500°C.  Since  the 
bond  strength  difference  of  Si-0  (191  kcal/mol)^®  and 
Ge-0  (160  kcaVmol)^®  are  comparable,  it  is  likely  that 
the  reaction  of  the  type 

Ge  +  Si-0  ^  Ge-0  +  Si 

will  go  from  left  to  right  if  Ge-0  is  continuely  des¬ 
orbed.  So,  reduction  of  SiO  to  Si  is  possible  in  a 
gemane  gas  flowing  ambient.  Similar  reaction  had 
also  been  observed  by  Morar  et  al.^^  On  the  other 
hand,  the  Si-H  bonds  can  be  replaced  by  Si-Ge  bond, 
since  Si-Ge  bond  (75  kcaUmol)^^  is  stronger  than  Si-H 
bond  (<71.5  kcaVmol).^®  In  addition,  Ge-H  bond  is 
weaker  than  Si-H  bond,  hence  the  presence  of  the 
hydrogen  does  not  affect  the  CdTe  growth  on  Ge. 

CONCLUSIONS 

In  this  paper,  we  outlined  a  novel  technique  to  grow 
high  quality  CdTe  layers  on  Si  substrates  in  a  single 
atmospheric  pressure  OMVPE  reactor  without  using 
high  temperature  deoxidation  step.  The  growth  was 
carried  out  in  a  very  simple  atmospheric  pressure 
horizontal  reactor  without  any  load-lock  system.  Prior 
to  ZnTe  and  CdTe  growth,  a  thin  interfacial  Ge  layer 
was  grown  using  germane  gas,  which  is  found  to  be 
responsible  for  Si  native  oxide  desorption  at  low 
temperature.  High  quality  ZnTe  and  CdTe  layers  was 
grown  on  Si  using  a  Ge  interfacial  layers.  The  thick¬ 
ness  of  this  Ge  layer  was  found  to  be  not  critical.  It 
should  be  possible  to  grow  a  complete  HgCdTe/CdTe/ 
Ge/Si  structure  in  a  single  OMVPE  reactor. 
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Integrated  In  S/Yi/ Wafer  and  System  Monitoring 
for  the  Growth  of  CdTe/ZnTe/GaAs/Si  for 
Mercury  Cadmium  Telluride  Epitaxy 
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Rockwell  International  Science  Center,  Thousand  Oaks,  CA  91360 
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Reproducible  improvements  in  the  metalorganic  vapor  phase  epitaxy  (MOVPE) 
grown  CdTe  buffer  quality  have  been  demonstrated  in  a  horizontal  rectangular 
duct  silica  reactor  by  the  use  of  integrated  in  situ  monitoring  that  includes  laser 
reflectometry,  pyrometry,  and  Epison  concentration  monitoring.  Specular  He- 
Ne  laser  reflectance  was  used  to  in  situ  monitor  the  growth  rates,  layer  thickness, 
and  morphology  for  both  ZnTe  and  CdTe.  The  substrate  surface  temperature  was 
monitored  using  a  pyrometer  which  was  sensitive  to  the  2-2.6  pm  waveband  and 
accurate  to  ±1°C.  The  group  II  and  group  VT  precursor  concentrations  entering 
the  reactor  cell  were  measured  simultaneously  using  two  Epison  ultrasonic 
monitors  and  significant  variations  were  observed  with  time,  in  particular  for 
DIPTe.  The  surface  morphology  and  growth  rates  were  studied  as  a  function  of 
VI/II  ratio  for  temperatures  between  380  and  460°C.  The  background  morphol¬ 
ogy  was  the  smoothest  for  Vl/IIratio  in  the  vicinity  of  1.5-1.75  and  could  be 
maintained  using  Epison  monitors.  Regularly  shaped  morphological  defects 
were  found  to  be  associated  with  morphological  defects  in  the  GaAs/Si  substrate. 
The  x-ray  rocking  curve  widths  for  CuK^  (531)  reflections  were  in  the  range  of 
2. 3-3. 6  arc-min,  with  no  clear  trend  with  changing  VI/II  ratio.  X-ray  topography 
images  of  CdTe  buffer  layers  on  GaAs/Si  showed  a  mosaic  structure  that  is 
similar  to  CdTe/sapphire  substrates.  The  etch  pit  density  in  Hgj_^Cd^Te  layers 
grown  onto  improved  buffer  layers  was  as  low  as  6  x  10®  cm-^  for  low  temperature 
MOVPE  growth  using  the  interdiffused  multilayer  process. 

Key  words:  CdTe/ZnTe/GaAs/Si,  insitu  monitoring,  laser  reflectrometry, 
metalorganic  vapor  phase  epitaxy  (MOVPE),  pyrometer 


INTRODUCTION 

The  use  of  silicon  as  the  substrate  material  for  large 
format  Hg^  ^Cd^Te  IR  focal  plane  arrays  (FPAs)  elimi¬ 
nates  the  problems  associated  with  the  differential 
thermal  expansion  mismatch  between  II- VI  mate¬ 
rials  and  the  silicon  multiplexer.  ^  The  large  lattice 
mismatch  (19%)  between  Si  and  Hgj_^Cd^Te  creates 
many  structural  defects  that  can  affect  diode  perfor- 
mance.2  The  epitaxial  quality  of  the  buffer  layer, 
which  accommodates  the  lattice  mismatch,  is  critical 
in  attaining  high  quality  of  the  epitaxial  Hg^  ^Cd^Te 
grown  onto  these  substrates.  Several  approaches  to 


(Received  October  19,  1993;  revised  August  15,  1994) 


overcome  the  adverse  effects  of  large  lattice  mismatch 
between  CdTe  and  Si  have  been  followed.  These 
include  the  use  of  GaAs®-®  and  CaiF/BsF^^  nucleation 
layers  on  Si.  Direct  growth  of  CdTe  onto  Si  has  been 
reported"^  using  molecular  beam  epitaxy  (MBE).  Two- 
dimensional  focal  plane  arrays  on  liquid  phase  epit¬ 
axy  (LPE)  HgCdTe  grown  on  CdTe/GaAs/Si  sub¬ 
strates,®  and  all  in  situ  growth  of  mercury  cadmium 
telluride  (MCT)/CdTe/ZnTe  onto  GaAs/Si  for 
256  X  256  array  fabrication^  have  been  demonstrated. 
However,  reduction  of  dislocation  density  remains  a 
challenge  for  the  CdTe  buffer  layers  grown  onto  Si 
based  substrates. 

This  paper  reports  on  recent  progress  made  in  the 
quality  of  buffer  CdTe  layers  grown  by  metalorganic 
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Fig.  1.  In  situ  measured  reflectance  signal  during  growth  of  ZnTe 
nucleation  and  CdTe  buffer  layer  growth. 


vapor  phase  epitaxy  (MOVPE)  on  3"  GaAs/Si  sub¬ 
strates.  The  characteristics  of  CdTe  and  Cdj_,,Zn^Te 
grown  onto  GaAs/Si  for  different  growth  conditions 
provide  insights  into  the  mechanisms  that  limit  its 
morphology,  structural,  and  optical  quality.®’^®  The 
strength  of  the  present  work  comes  from  an  inte¬ 
grated  in  situ  monitoring  capability  that  has  enabled 
better  understanding  of  the  growth  dynamics  and 
offers  the  potential  for  better  growth  control.^  In  situ 
monitoring  in  real  time  implies  that  if  a  change  occrurs 
during  growth  it  can  be  corrected,  leading  to  better 
reproducibility  of  material  properties. 

The  monitors  used  in  the  present  work  can  be 
divided  into  two  groups:  wafer  monitors  and  system 
monitors.  The  objective  of  wafer  monitoring  is  to 
measure  the  properties  of  the  epitaxial  layer,  while 
system  monitoring  looks  at  the  parameters  that  de¬ 
termine  the  layer  properties  (such  as  morphology, 
growth  rate,  composition,  and  structure).  Both  wafer 
and  system  monitoring  are  required  to  build  a  com¬ 
plete  picture  of  the  growth  process;  combining  the  two 
is  what  constitutes  an  in  situ  integrated  monitoring 
capability. 

The  relatively  high  pressure  of  the  reaction  cham¬ 
ber  in  MOVPE  (0.1-1  atm)  precludes  the  use  of  in  situ 
wafer  monitoring  techniques  that  require  electrons 
for  excitation  or  detection. Therefore,  in  situ  wafer 
monitoring  techniques  are  based  on  photon  excitation 
and  detection.  The  wafer  monitoring  for  the  present 
work  has  concentrated  on  laser  reflectometry  for  real¬ 
time  feedback  on  growth  rate,  thickness,  and  mor- 
phology,^®’^^  to  improve  the  quality  of  CdTe  buffer 
layers  on  GaAs/Si  substrates. 

EXPERIMENTAL  DETAILS 

A  horizontal  rectangular  duct  silica  reactor  was 
modified  to  accommodate  laser  reflectance  monitoring 
and  has  been  described  in  detail.  As  reported 
earlier,^®  these  reactor  modifications  did  not  affect  the 
temperature  and  the  gas  flow  conditions  over  the 
substrate,  thereby  maintaining  the  growth  rate  and 
lateral  uniformity.  A  polarized  He-Ne  laser  (2mW  at 
632.8  nm)  was  mounted  such  that  the  light  enters  the 
window  and  reaches  the  wafer  at  near  normal  inci¬ 


dence.  The  reflected  light  was  monitored  as  a  function 
of  time  using  a  Si  detector  followed  by  standard  phase 
sensitive  detection  using  a  lock-in  amplifier.  A  por¬ 
tion  of  the  incident  beam  was  reflected  off  a  glass  plate 
and  detected  by  another  detector  to  monitor  the  in¬ 
cident  laser  intensity.  Signals  corresponding  to  both 
the  incident  and  the  reflected  light  intensities  were 
fed  into  an  IBM  PC  for  data  storage,  retrieval,  and 
analysis.  Typically,  two  data  points  per  second  were 
measured  and  stored.^'* 

The  metalorganic  vapor  phase  epitaxy  reactor  was 
designed  with  two  independent  feed  manifolds;  one 
dedicated  to  group  II  and  the  other  to  group  VI 
compounds.  Two  Epison  ultrasonic  monitors  (sup¬ 
plied  by  Thomas  Swan  Ltd.),  were  installed  to  simul¬ 
taneously  measure  the  concentration  of  group  II  and 
group  VI  organometallic  precursors  entering  the  reac- 
tor.ii,iB  The  molecular  weight  and  ratio  of  the  princi¬ 
pal  specific  heats  were  stored  for  each  of  the  organo- 
metallics.  These  monitors  measure  (and  display)  the 
concentration  continuously  and  can  be  used  as  a 
feedback  to  the  MOVPE  reactor  control.  The  Epison 
monitors  have  been  instrumental  in  addressing  is¬ 
sues  such  as  condensation  of  organometallics  in  the 
feed  lines,  complete  flushing  of  lines  before  introduc¬ 
tion  of  the  organometallics,  and  steady  flow  of  organo¬ 
metallics  throughout  the  growth  cycle. 

An  IRCON  Modline  Plus  Pyrometer  was  installed 
on  the  reactor  to  monitor  the  surface  temperature. 
This  pyrometer  was  sensitive  to  a  narrow  band  of 
radiation  from  2  to  2.5  gm.  At  this  wavelength,  the 
substrate  and  the  CdTe  buffer  are  transparent,  so  the 
detector  was  sensitive  to  radiation  coming  from  the 
graphite  substrate  holder.  However,  for  MCT  growth, 
the  emission  was  from  the  MCT  surface  and  a  differ¬ 
ent  emissivity  correction  was  required.  The  initial 
experiments  were  designed  to  look  at  the  substrate 
holder  during  substrate  heat  clean  and  buffer  growth. 
The  emissivity  was  calibrated  by  ramping  up  the 
temperature  until  a  fragment  of  Te  melted,  then 
corrected  the  emissivity  to  read  a  temperature  of 
450°C .  This  pyrometer  constantly  monitored  the  tem- 
perature/emissivity  throughout  the  run.  Flow  of  gases 
was  controlled  by  commercial  mass  flow  controllers 
which  offered  ±1%  full-scale  accuracy  and  0.1%  full- 
scale  reproducibility. 

Dimethylzinc  (DMZn)  plus  dimethyltellurium 
(DMTe)  were  used  for  the  ZnTe  nucleation  layer 
which  was  typically  lOOOA  thick.  This  layer  will 
ensure  (100)//(100)  epitaxial  orientation  and  help  to 
grade  the  lattice  parameter  misfit.  Dimethylcadmium 
(DMCd)  plus  DMTe  or  diisopropyltellurium  (DIPTe) 
were  used  for  CdTe  buffer  growth  which  is  typically 
6-8  gm  thick.  The  substrate  temperature  was  main¬ 
tained  by  heating  with  a  pyroljdic  boron  nitride  (PBN) 
resistance  heater  placed  directly  below  the  substrate. 

The  b\alk  GaAs/Si  substrates,  purchased  from  Kopin, 
were  2-3  inches  in  diameter  and  oriented 
(100)10°-^(111).  Prior  to  loading  in  the  reactor,  these 
substrates  were  etched  in  a  5:1:1  mixture  of 
H2S0,:H20,H202  for  15  s. 
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Fig.  2.  Nomarski  contrast  micrographs  showing  the  morphology  and  the  “bell”  shaped  defects  at  (a)  the  center  and  (b)  near  the  edges  of  MOVPE 
CdTe  grown  on  3"  GaAs/Si  substrate. 
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EXPERIMENTAL  RESULTS 
AND  DISCUSSION 

In  situ  Monitored  Reflectance  for  Growth 
Rate  and  Thickness  Determination 

Figure  1  shows  a  typical  in  situ  reflectance-time 
profile  measured  during  the  growth  of  the  double 
layer  structure;  ZnTe  nucleation  layer  followed  by 
CdTe  buffer  layer.  Different  phases  of  growth  are 
identified  on  the  top.  The  reflectance  is  plotted  in 
arbitrary  units  as  a  function  of  time.  To  obtain  the 
absolute  values  of  reflectivity,  the  entire  reflectance 
profile  was  normalized  so  that  the  reflectance  from 
GaAs  matches  the  theoretically  expected  value  calcu¬ 
lated  using  a  known  value  of  the  refractive  index. 

The  thickness  of  ZnTe  nucleation  and  CdTe  buffer, 
which  influence  the  quality  and  crystallinity  of  the 
subsequently  grown  structure,  can  be  precisely  deter¬ 
mined.^^  The  effect  of  ZnTe  thickness  on  the  x-ray 
rocking  curve  widths  measured  in  CdTe  buffer  layers 
has  been  reported^^  for  GaAs  substrates.  A  clear  trend 
was  observed,  with  increasing  rocking  curve  broaden¬ 
ing  for  ZnTe  thicknesses  greater  than  lOOOA.  In  the 
example  given  in  Fig.  1,  the  ZnTe  thickness  was  760A. 
The  growth  rates  of  the  ZnTe  and  CdTe  layers,  mea¬ 
sured  by  the  spacing  of  these  oscillations,  was  moni¬ 
tored  and  related  to  the  system  monitors. 

Surface  Morphology  and  its  Dependence  on 
Temperature  and  II:VI  Ratio 

The  surface  morphology  of  CdTe  grown  on  GaAs/Si 
differed  significantly  from  that  of  CdTe  grown  on  bulk 
GaAs  and  has  been  reported  as  being  a  major  cause  of 
compositional  inhomogeneities.  Growth  conditions 
optimized  for  smooth  mirror-like  morphology  of  CdTe/ 
bulk  GaAs,  when  applied  to  CdTe/GaAs/Si  yielded  a 
rough,  faceted  surface;  replacing  DMTe  with  DIPTe 


Fig.  3.  Smoothness  length  of  MOVPE  CdTe  grown  on  GaAs/Si  as  a 
function  of  the  Vl/ll  ratio  and  temperature.  This  length  is  defined  (see 
text)  as  the  thickness  of  the  layer  at  which  the  extrapolated  in  situ 
monitored  reflectance  signal  goes  to  zero. 

as  the  tellurium  precursor  and  growing  under  Te-rich 
conditions  yielded  a  smooth  surface.^^ 

The  standard  orientation  of  ( 100)  10'"~>(  111)  showed 
significant  variation  in  the  surface  morphology  of 
CdTe  grown  on  GaAs/Si  wafers,  particularly  at  the 
edges.  The  same  surface  features  were  visible  in 
wafers  etched  and  unetched  prior  to  growth  and 
propagated  into  the  CdTe  biiffer  layers  as  “bell”  shaped 
morphological  defects  shown  in  Fig.  2a.  The  density  of 
these  defects  is  higher  near  the  wafer  edges  as  shown 
in  Fig.  2b.  In  extreme  cases,  their  density  caused 
extensive  faceting  in  the  subsequently  grown  MOVPE 
HgCdTe,  and  the  individual  features  were  no  longer 
distinguishable.  The  cause  of  the  “bell”  defects  was 
attributed  to  morphological  defects  in  the  GaAs  epi¬ 
taxial  layer  on  silicon. 

A  detailed  study  was  made  of  the  relationship 
between  surface  morphology  and  VI:II  ratio.  Epison 
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Fig.  4.  Nomarski  contrast  micrographs  showing  surface  morphology  with  varying  Vl/ll  ratio.  All  these  layers  are  8±1  pm  thick. 


Fig.  5.  Growth  rate  of  CdTe  on  GaAs/Si(1 00)1 0°->{1 1 1 )  as  a  function 
of  the  Vl/ll  ratio  at  different  growth  temperatures.  _ 


monitors  allowed  controlled  variations  in  the  DMCd 
to  DIPTe  concentration  ratios  entering  the  reactor 
cell.  A  smoothness  length  was  defined  using  laser 
reflectance  monitoring  to  compare  the  rate  of  surface 
roughening  under  different  growth  conditions.  The 
decrease  in  specularly  reflected  light  is  ascribed  to 
scattering  of  light  from  the  surface  due  to  the  forma¬ 
tion  of  facets.  The  smoothness  length  (S)  is  defined  as 
the  thickness  of  epilayer  where  the  extrapolated  re¬ 
flectance  goes  to  zero.  The  highly  faceted  surfaces 
resulted  in  S~1  pm. 

The  results  over  a  number  of  growth  runs,  at  400°C, 
are  shown  in  Fig.  4.  Looking  at  the  minimum  resolv¬ 
able  decrease  in  reflectivity  for  a  10  pm  thick  CdTe 
layer,  it  was  not  possible  to  resolve  S  to  better  than 


500  pm.  Figure  3  shows  that  S  peaks  around  VI/II  = 
1.6  and  decreases  more  rapidly  for  higher  ratios  (more 
DIPTe  rich)  than  for  lower  ratios.  Optimization  of  this 
ratio  would  be  difficult  without  the  direct  measure¬ 
ment  of  concentration  given  by  the  Epison  monitor. 

The  structure  contributing  to  the  surface  rough¬ 
ening  is  revealed  in  the  Nomarski  contrast  mi¬ 
crographs  in  Fig.  4.  Each  field  of  view  was  chosen  to 
include  a  typical  macrodefect  to  determine  if  the 
shape  changes  with  the  VI:II  ratio.  Starting  from  the 
highest  VI/II  ratio  of  2.47,  the  background  morphol¬ 
ogy  had  an  orange-peel  appearance;  and  the 
macrodefects  were  rounded,  with  no  distinct  shape 
other  than  their  elongation.  Decreasing  the  VI:II 
ratio  made  the  background  more  terraced  and  the 
macrodefects  smaller.  The  terracing  for  VI:II  ratio  of 
1.5  is  very  slight  and  the  macrodefects  are  very 
shallow.  Some  increase  in  the  terracing  is  seen  for 
further  decreases  in  VI;II  ratio,  and  the  macrodefects 
become  more  angular  and  larger. 

Temperatures  up  to  460°C  were  also  investigated; 
the  results  are  shown  in  Fig.  3.  For  the  VI:II  ratio  of 
1.5,  the  surface  smoothness  was  maintained  up  to 
440°C  but  rapidly  deteriorated  to  an  orange-peel 
morphology  at  higher  temperatures.  Lowering  the 
VI:II  ratio  to  1.0  appeared  to  make  the  morphology 
more  sensitive  to  temperature,  with  some  decrease  in 
S  at  420  and  440°C  compared  with  400°C.  The 
macrodefect  density  also  increased  for  T>400°C.  These 
defects  were  mostly  of  the  bell  shape  or  faceted  type 
rather  than  the  polycrystalline  forms  associated  with 
dust. 
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Growth  Rate  and  its  Dependence  on 
Temperature  and  VI/II  Ratio 

The  function  of  growth  rate  with  VI/II  ratio  and 
temperature  can  give  vital  information  about  growth 
mechanisms  and  provide  insights  to  the  development 
of  surface  morphology.  Figure  5  shows  the  growth 
rate  measured  by  laser  reflectometry  for  different  VT/ 
II  ratios  and  temperatures  where  the  DMCd  concen¬ 
tration  was  kept  constant  at  2  x  10“^  atm.  The  tem¬ 
perature  range  covered  by  this  data  is  380  to  440°C 
(pyrometer  calibration  of  surface  temperatures  are 
displaced  by-17C  compared  with  these  thermocouple 
temperatures).  For  this  temperature  range,  the  growth 
rate  increased  sublinearly  up  to  the  maximum  VI/II 
ratio  of  2.5.  The  higher  growth  rates  may  play  a  part 
in  the  roughening  of  the  surface  at  high  \^/II  ratios. 
The  behavior  with  increasing  DMCd  concentration  is 
quite  different  with  saturation  in  growth  rate  as  soon 
as  the  DMCd  concentration  exceeds  that  of  the  DIPTe 
concentration,  as  shown  in  Fig.  6.  A  similar  behavior 
was  observed  by  Tasker  et  al.^^  using  DETe.  The 
results  in  Fig.  6  were  obtained  before  the  Epison 
monitors  were  installed,  but  the  DMCd  and  DIPTe 
flows  given  in  the  figure  have  been  calibrated  subse¬ 
quently,  using  the  Epison  monitors. 

The  stoichiometric  concentrations  are  shown  in 
Fig.  6.  As  the  DIPTe  concentration  is  increased,  so  the 
growth  rate  saturates  at  higher  DMCd  concentrations 
and  at  a  higher  growth  rate.  These  results  show  two 
different  plots  for  DIPTe  flow  of  295  SCCM,  unsatur¬ 
ated  and  saturated.  A  problem  was  identified  with 
condensation  of  DIPTe  in  the  feed  line,  above  the 
bubbler,  which  reduced  the  vapor  pressure  of  DIPTe 
at  the  reactor  inlet  to  below  the  expected  partial 
pressure  based  on  a  calculation  of  saturation  of  the 
DIPTe  flow  in  the  bubbler.  These  results  show  a  lower 
growth  rate  and  an  apparent  saturation  of  growth 
rate  at  a  lower  DIPTe  flow  than  expected.  After 
solving  this  problem  by  heating  the  feed  lines  above 
the  bubbler,  the  DIPTe  flow  became  saturated  at  the 


bubbler  temperature  of  27°C,  and  the  CdTe  growth 
rate  showed  the  expected  behavior  as  shown  in  Fig.  6. 
The  apparent  nonsaturation  of  growth  rate  with  in¬ 
creasing  concentration,  indicates  that  DIPTe  is  either 
not  pyrolyzing  efficiently  on  the  surface  or  the  stick¬ 
ing  coefficient  is  lower  than  for  DMCd.  The  correct 
interpretation  of  these  results  has  implications  for 
the  change  of  morphology,  and  possibly  defect  struc¬ 
ture,  with  VI/II  ratio. 

Control  of  VI/II  Ratio  and  Temperature  with 
In  Situ  Monitoring 

An  application  where  the  Epison  monitors  have 
helped  to  improve  growth  control  was  in  monitoring 
run-to-run  variations  of  organometallic  concen¬ 
trations.  These  changes  were  tracked  by  calculating 
the  saturated  vapor  pressure  in  the  bubbler  from  the 
Epison  measurement  of  concentration  in  the  inlet 
manifold  and  the  dilution  flow  rates.  The  organome¬ 
tallic  concentration  in  the  reactor  is  related  to  the 
flows  as  follows: 


Fig.  6.  Growth  rate  of  CdTe  on  GaAs/Si{1 00)1 0°-^(1 11 )  as  a  function 
of  DMCd  flow  for  different  DIPTe  flows;  the  stoichiometric  ratios  are 
indicated. 


Fig.  7. Run-to-run  variations  in  the  bubbler  SVP  of  (a)  DMCd  and  (b)  DIPTe  calculated  from  concentrations  as  measured  by  the  Epison  monitors. 
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Fig.  8.  Vl/ll  concentration  ratio  as  a  function  of  growth  run  showing 
increased  control  achieved  by  in  situ  monitoring. 
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Fig.  9.Temperature,  as  measured  by  the  infrared  pyrometer  during 
substrate  bake  prior  to  growth,  as  a  function  of  growth  run.  Feedback 
from  the  measured  temperature  to  adjust  the  set  temperature  resulted 
in  a  reduced  variance. 


where  Cj  is  the  concentration  of  the  ith  organometallic 
component  in  the  diluted  stream,  Pj  is  the  saturated 
vapor  pressure  (SVP)  in  the  bubbler,  p,p  is  the  total 
reactor  pressure,  Fj  is  the  hydrogen  flow  through  the 
ith  bubbler,  n  is  the  maximum  number  of  bubblers. 
Equation  (1)  can  also  apply  to  the  concentration  in  the 
inlet  manifold,  where  the  concentration  (Cj)  is  inde¬ 
pendently  measured  by  the  Epison  monitor.  The  SVP 
of  the  ith  organometallic  (p;)  can  then  be  calculated  by 
rearranging  Eq.  (1)  and  substituting  for  the  flows  and 
total  pressure,  which  are  all  measured  independently. 
These  results,  from  over  80  runs,  are  shown  in  Fig.  7. 
Both  DMCd  and  DIPTe  show  significant  changes  that 
could  cause  unaccounted  changes  in  growth  rate  or 
layer  properties.  The  largest  instabilities  occur  for 
DIPTe,  falling  from  a  SVP  of  5.0  to  4.0  Torr.  Between 
runs  195  and  205,  the  changes  for  both  DMCd  and 
DIPTe  flatten.  High  stability  mass  flow  controllers 
(Precision  Flow  Devices  501)  were  fitted  between 
runs  211  and  212  to  reduce  variance  in  bulk  flow  rate 
of  the  organometallics. 

From  the  viewpoint  of  growth  stability,  it  is  suf¬ 
ficient  to  measure  these  concentrations  and  make 


appropriate  corrections  to  the  flow  to  maintain  orga¬ 
nometallic  bulk  flow  rate.  After  installation  of  the 
PFD  501  MFCs,  as  seen  in  Fig.  8,  the  SVP  was  very 
stable  between  runs  218  to  260.  The  higher  SVP  for 
runs  211  to  216  was  probably  caused  by  a  higher 
DMCd  bubbler  temperature.  The  large  change  in 
apparent  SVP  between  the  new  and  old  MFCs  is 
consistent  with  a  large  zero  error  on  the  removed 
MFCs.  Figure  8  also  shows  a  long-term  drift  in  the 
apparent  SVP,  which  is  attributed  to  poor  flow  con¬ 
trol.  No  long-term  drift  has  been  seen  in  the  DMCd 
concentration  since  replacing  the  MFCs.  The  calcu¬ 
lated  SVP  for  a  source  temperature  of  12°C  is  18.7 
Torr,  significantly  higher  than  the  SVP  determined 
from  Epison  measurement.  This  could  be  due  to  either 
(a)  errors  in  the  thermodynamic  constants  used  for 
this  calculation  (supplied  by  Morton  International), 
or  (b)  the  ratio  of  principal  specific  heats,  y,  of  1. 1  used 
in  the  Epison  measurement  may  be  in  error. 

The  DIPTe  SVP  showed  a  different  behavior  to  that 
described  above  for  DMCd,  where  the  changes  in 
DIPTe  SVP  do  not  seem  to  be  connected  with  the 
replacement  of  MFCs  or  any  other  observation  of 
changes  in  the  reactor  variables.  The  most  significant 
feature  is  the  steady  rise  in  SVP  from  run  210  to  261. 
These  drifts  may  in  fact  be  genuine  changes  in  SVP, 
which  could  be  attributed  to  chemical  changes  in  the 
DIPTe  bubbler.  Corrections  have  been  made  in  the 
DIPTe  flow  rate  to  maintain  its  concentration  in  the 
reactor  chamber.  These  long-term  drift  studies  are 
providing  new  insights  into  the  behavior  of  the  orga¬ 
nometallic  sources  and  are  clearly  essential  for  accu¬ 
rate  control  and  good  run-to-run  growth  stability. 

The  VI/II  ratio  has  been  identified  as  a  critical 
parameter  in  maintaining  good  morphology  on  GaAs/ 
Si  substrates.  The  first  series  of  28  runs  had  a  nomi¬ 
nal  ratio  of  2.0  but  gave  measured  ratios  as  low  as  1.4, 
which  was  unacceptable.  After  observing  the  vari¬ 
ance  in  this  parameter  over  the  first  11  runs,  correc¬ 
tions  were  applied  for  subsequent  runs  to  keep  the 
ratio  on  target.  Figure  8  shows  clearly  that  this  was 
very  successful  in  maintaining  the  ratio  close  to  the 
target  value,  even  after  the  change  to  new  MFCs. 
Some  experimental  growths  were  performed  where 
the  VI/II  ratio  was  intentionally  changed  within  a 
growth  run  with  target  values  between  0.7  to  2.5  for 
runs  221  to  231.  For  runs  above  249,  a  new  set-point 
of  1.5  gave  better  surface  morphology. 

Temperature  Measurement  by  IR  Pyrometer 

Figure  9  shows  the  run-to-run  variations  in  mea¬ 
sured  temperatures  for  14  runs.  The  set  temperature 
for  the  bake  was  400°C  and  two  different  tempera¬ 
tures  were  used  for  buffer  growth,  380  and  390°C,  as 
indicated.  The  measured  bake  temperature  was  be¬ 
tween  380  and  385°C  for  most  of  these  runs,  but  one 
was  as  low  as  375°C  and  another  as  high  as  389°C,  for 
the  same  thermocouple  set-point.  The  buffer  tem¬ 
perature  also  shows  significant  run-to-run  variations 
with  the  measured  temperature  in  some  cases  being 
higher  for  a  set  temperature  of  380°C  than  for  390°C. 
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The  reasons  for  these  run-to-run  variations  are  possi¬ 
bly  slight  movements  in  the  control  thermocouple 
position  or  alignment  of  the  substrate  and  heater 
assembly  prior  to  each  run.  Efforts  were  made  to 
make  these  more  reproducible,  and  temperature  cali¬ 
bration  corrections  were  made  at  the  start  of  each  run. 

In  general,  the  surface  temperature  was  lower  than 
the  control  thermocouple  temperature  by  15  to  20°C. 
Monitoring  the  surface  temperature  during  the  sub¬ 
strate  bake  phase  (set  temperature  of 400^^0  showed 
a  run-to-run  variation  of  up  to  15°C.  Similar  varia¬ 
tions  in  surface  temperature  were  also  observed  dur¬ 
ing  the  CdTe  buffer  growth  and  are  shown  in  Fig.  9. 
More  recent  experiments  have  corrected  this  varia¬ 
tion  by  determining  a  AT  correction  factor  in  the  bake 
phase  and  correcting  all  subsequent  growth  phases 
(runs  188  to  196)  by  that  amount.  The  buffer  layer  was 
grown  at  different  temperatures;  and  these  inten¬ 
tional  changes  are  now  clearly  reflected  in  the  surface 
temperature,  whereas  the  uncorrected  growths  did 
not  show  a  clear  difference. 

Ex  Situ  Characterization  of 
CdTe/GaAs/Si  Layers 


on  GaAs/Si.  This  figure  also  contains  the  effects  of 
growth  temperature  and  VI:II  ratio  on  buffer  layer 
quality.  Different  symbols  are  used  for  the  three 
different  growth  temperatures:  400, 420,  and  440°C. 
The  figure  shows  very  clearly  that  rocking  curve 
width  decreases  with  increasing  layer  thickness,  but 
there  is  no  apparent  dependence  of  rocking  curve 
width  on  growth  temperature. 

Similarly,  there  was  no  observable  dependence  of 
rocking  curve  width  on  VI:II  ratio  over  the  range  from 
0.76:1  to  2.47:1.  The  insensitivity  of  rocking  curve 
width  to  growth  temperature  and  VI:II  ratio  means 
that  these  two  growth  parameters  may  be  selected  to 
optimize  other  qualities,  such  as  surface  morphology, 
without  compromising  crystal  quality.  A  similar  varia¬ 
tion  of  CdTe  rocking  curve  width  with  thickness  has 
been  seen  in  (lll)B  CdTe/Sapphire  (PACE-I)  sub¬ 
strates  that  have  been  grown  to  different  thicknesses 
or  that  have  been  grown  thick  and  then  etched  back  in 
several  steps.  Full  width  at  half  maximum  decreases 
fairly  rapidly  as  CdTe  thickness  increases  up  to  about 
6  pm,  then  there  is  a  more  gradual  decrease.  For 
PACE-I  wafers  which  have  CdTe  layers  about  8  pm 
thick,  FWHM  is  typically  in  the  range  of  1.0  to  1.3  arc- 


Double  Crystal  X-Ray  Diffraction 

X-ray  diffraction  rocking  curves,  complemented  by 
x-ray  topographs,  were  used  routinely  to  measure  the 
crystal  quality  of  the  grown  CdTe  layers.  For  the  near- 
(100)  oriented  buffer  layers  reported  here,  a  double 
crystal  diffractometer  was  set  up  with  CuK^  x-rays 
and  a  symmetric  (333)  Ge  reflection  as  the  first 
crystal.  With  the  sample  set  as  the  second  crystal  and 
oriented  for  a  {531}  CdTe  reflection,  there  is  negligible 
instrumental  contribution  to  the  rocking  curve.  Rock¬ 
ing  curves  of  GaAs  layers  on  Si  were  measured  using 
the  same  configuration  but  with  a  {511}  GaAs  reflec¬ 
tion.  The  full  width  at  half  the  maximum  (FWHM) 
intensity  is  measured  and  used  as  a  simple  indicator 
of  crystal  quality. 

A  large  area  detector  captures  the  entire  diffracted 
beam,  so  the  rocking  curve  is  integrated  over  the 
sample  area  that  is  illuminated  by  the  incident  beam. 
If,  however,  a  photographic  plate  is  used  to  intercept 
and  record  the  diffracted  beam  at  a  fixed  incidence 
angle,  a  map  is  obtained  of  diffracted  intensity  over 
the  illuminated  area.  This  map  constitutes  a 
topograph.  If  the  sample  is  a  perfect  crystal,  then  all 
regions  will  diffract  with  the  same  intensity  and  the 
topographic  image  will  be  uniform.  On  the  other 
hand,  if  the  sample  has  defects,  there  will  be  varia¬ 
tions  in  diffracted  intensity  and  the  defective  regions 
will  be  imaged  as  contrast  variations  in  the  topograph. 
The  value  of  combining  topography  with  rocking  curve 
measurements  lies  in  the  fact  that  similar  samples 
having  similar  rocking  curves  can  have  significantly 
different  defect  structures.  Topographs  help  to  iden¬ 
tify  the  origin  of  rocking  curve  broadening  by  imaging 
the  defects. 

Figure  10  shows  how  rocking  curve  width  varied 
with  layer  thickness  for  17  CdTe  buffer  layers  grown 
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Fig.  10.  X-ray  rocking  curve  FWHM  of  MOVPE  CdTe  on  GaAs/ 
Si(1 00)1 0°^{1 1 1 )  as  a  function  of  CdTe  layer  thickness. 


CdTe  on  GaAs/Si,  #  5-223,  d  ~  7 
T  =  400C,  Vl:ll  =  1.72 


Fig.  1 1 .  X-ray  topograph  of  (a)  typical  MOVPE  grown  CdTe  on  GaAs/ 
Si,  and  (b)  magnified  image  from  a  small  region  showing  mosaic 
structure. 
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min.  The  smallest  FWHM  in  Fig.  11  is  1.8  arc-min. 

Figure  11a  shoves  the  x-ray  topograph  of  a  typical 
CdTe  layer  grov^n  on  GaAs/Si.  The  “graininess”  of  the 
topographic  image  is  magnified  in  Fig.  11b,  which 
show  mosaic  blocks  on  the  order  of  10  |im  in  diameter. 
Rocking  curve  width  in  these  CdTe  layers  is  broad¬ 
ened  by  the  small  misorientations  between  mosaic 
blocks.  In  view  of  these  topographs,  the  reduction  in 
rocking  curve  width  with  layer  thickness  can  be 
interpreted  as  a  reduction  in  the  range  of  mosaic  block 
tilts.  Accompanying  the  reduction  in  FWHM  is  an 
increase  in  mosaic  block  size  with  increasing  CdTe 
thickness,  block  size  being  roughly  equal  to  layer 
thickness.  Again,  similar  effects  are  seen  for  PACE-I 
substrates.  A  notable  difference  is  that  PACE-I  has 
(lll)B  oriented  CdTe  which  exhibits  a  strongly  fac¬ 
eted  matt  surface,  easily  seen  by  interference  con¬ 
trast  optical  microscopy. 

In  addition  to  the  mosaic  structure,  the  topographs 
show  several  other  features.  The  bands  which  run  the 
length  of  the  image  arise  from  overlap  of  the  CuK^ 
doublet  beams  and  do  not  correspond  to  features  in 
the  CdTe.  Apart  from  this  banding,  the  image  should 
show  a  uniformly  intense  mosaic  structure  if  no  other 
defects  were  present.  This  uniformity  is  difficult  to 
achieve,  especially  if  the  topographs  are  recorded  at 
incidence  angles  corresponding  to  positions  off  the 
rocking  curve  peak.  These  double  crystal  topographs 
are  extremely  sensitive  to  small  variations  (fractions 
of  FWHM)  in  orientation.  Topographs  also  exhibit 
smaller,  high  contrast  features;  generally  <100  pm  in 
diameter.  Most  often  these  appear  as  nondiffracting 
spots  (dark  spots  in  Fig.  11a)  in  contrast  to  the  bright 
areas  corresponding  to  high  diffracted  intensity.  Simi¬ 
lar  features  are  seen  in  CdTe  on  sapphire,  although  at 
lower  densities.  It  is  difficult  to  identify  the  origin  of 
such  features  directly.  A  possible  source  is  a  small  par¬ 
ticle  on  the  substrate  or  a  pinhole  in  the  GaAs  layer. 

The  use  of  deliberately  misoriented  substrates  may 
also  contribute  to  long-range  contrast  variations.  The 
Si  substrates  used  for  the  present  work  were  typically 
oriented  (100)  10°^  (111).  The  orientations  of  CdTe 
layers  grown  on  these  substrates  show  appreciable 
tilts  between  the  epitaxial  layers  and  the  Si  sub¬ 
strate,  typically  O.S'^  for  the  GaAs  and  3°  for  the  CdTe. 

The  direction  of  these  tilts  reduces  the  misorien- 
tation  of  the  epitaxial  layers  from  (100).  These  tilts 
arise  from  the  interfacial  defects  that  accommodate 
the  misfit.  Clearly,  small  variations  in  the  interfacial 
defect  structure  could  easily  produce  strong  contrast 
variations  in  the  double  crystal  topographs  and  present 
a  major  obstacle  to  defect  reduction  in  large  lattice 
mismatched  systems. 

Since  substrate  quality  strongly  influences  buffer 
layer  quality,  some  rocking  curves  and  topographs  of 
GaAs/Si  were  obtained.  Generalizing  from  a  few 
samples,  the  GaAs  also  exhibits  a  mosaic  structure, 
FWHM  is  about  3  arc-min  or  more  and  the  GaAs  is 
strained  under  in-plane  tension  consistent  with  the 
known  thermal  expansion  difference  between  GaAs 
and  Si. 


Growth  of  HgCdTe  on  CdTe/GaAs/Si 

Growth  and  characterization  of  HgCdTe  by  MOVPE 
and  LPE  were  used  to  assess  the  CdTe  buffer  layer 
quality.  The  results  on  LPE  evaluation  are  given  in 
another  paper  in  this  proceedings.^® 

Metalorganic  vapor  phase  epitaxy  Hg^^^^Cd^Te  was 
grown  using  the  interdiffused  multilayer  process 
(IMP).  These  layers  were  grown  in  situ  following  the 
growth  of  the  CdTe  buffer  layer  onto  GaAs/Si.  DMCd 
and  DiPTe  were  used  for  the  CdTe  phase  and  DiPTe 
and  Hg  vapor  were  used  for  the  HgTe  phase  of  the  IMP 
cycles.  The  IMP  Hgj_^Cd^Te  growth  took  place  at 
380°C  and  was  monitored  in  situ^"^  for  parameters 
such  as  composition,  thickness,  and  morphology.  The 
HgCdTe  morphology  and  dislocation  density  were 
some  of  the  characteristics  measured  and  were  taken 
as  an  indication  of  the  quality  of  underlying  sub¬ 
strate. 

The  lowest  dislocation  density  measured  in 
metalorganic  vapor  phase  epitaxy  HgCdTe  grown 
onto  CdTe/GaAs/Si  was  measured  at  6  x  10®  cm-^  for 
layer  233  which  was  8  pm  thick  (with  x  =  0.278)  with 
an  8.5  pm  thick  CdTe  buffer  layer.  This  is  now  similar 
to  etch  pit  densities  (EPDs)  measured  in  MCT  grown 
onto  bulk  GaAs  substrates.  The  CdTe  buffer  layer  was 
grown  with  a  VI/II  ratio  of  1.49  and  a  substrate 
temperature  of  422°C. 

SUMMARY  AND  CONCLUSIONS 

The  surface  morphology  of  CdTe  buffer  layers  has 
improved  from  a  very  poor  faceted  surface  with  sur¬ 
face  smoothness  factor,  S  =  1  pm,  to  highly  specular 
epilayers  with  S  >500  pm.  The  factors  that  have  been 
identified  as  being  crucial  in  determining  the  quality 
of  CdTe  are  VI/II  ratio,  substrate  temperature,  type  of 
organometallic  precursor,  quality  of  GaAs/Si,  orien¬ 
tation,  and  surface  preparation.  The  best  conditions 
were  found  for  VI/II  ratio  of  1.5—1. 6,  using  DIPTe  in 
place  of  DMTe,  temperature  of  400°C  and  substrate 
orientation  of  (100)10°->(111).  Some  surface  defects 
have  been  attributed  to  features  in  the  surface 
morphology  of  the  GaAs/Si  substrates.  Further 
progress  in  the  CdTe  buffer  layer  quality  will  require 
improvements  in  the  quality  of  GaAs/Si  substrates, 
including  atomic  layer  epitaxy  (ALE)  grown  GaAs 
which  has  an  excellent  surface  smoothness. 

Integrated  in  situ  monitoring,  including  laser  re- 
flectometry,  pyrometry,  and  Epison  concentration 
monitoring,  were  used  to  establish  the  key  growth 
parameters  and  find  optimum  growth  conditions. 
Specular  He-Ne  laser  reflectance,  measured  using  a 
silicon  detector  and  standard  lock-in  techniques,  was 
used  to  in-situ  monitor  the  growth  rates,  layer  thick¬ 
ness,  and  morphology  for  both  ZnTe  and  CdTe.  The 
substrate  surface  temperature  was  monitored  using  a 
pyrometer  which  was  sensitive  to  the  2-2.6  pm 
waveband  and  accurate  to  ±1°C.  The  group  II  and 
group  VI  precursor  concentrations  entering  the  reac¬ 
tor  cell  were  measured  simultaneously  using  two 
Epison  ultrasonic  monitors. 
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The  surface  morphology  and  growth  rates  were 
studied  as  a  function  of  VI/II  ratio  for  temperatures 
between  380  and  460°C.  The  background  morphology 
was  the  smoothest  for  VI/II  ratio  in  the  vicinity  of  1.5- 
1.75.  This  smooth  morphology  could  be  obtained  re- 
producibly  by  maintaining  the  VT/II  ratio  close  to  the 
desired  value  using  Epison  monitors.  Regularly  shaped 
morphological  defects  were  associated  with  morpho¬ 
logical  defects  in  the  GaAs/Si  substrate.  The  density 
of  the  irregularly  shaped  macrodefects,  related  to 
dust,  was  as  low  as  50  cm"^.  The  growth  rate  at  fixed 
temperatures  (380-400‘^C)  increased  monotonically 
with  increasing  DIPTe  concentration.  For  fixed  VI/II 
ratio  of  1.5,  the  growth  rate  decreased  with  increasing 
temperature  above  400°C,  decreasing  from  6.2  pm/h 
at  400°C  to  2.7  pm/h  at  460°C.  These  results  highlight 
the  complex  surface  chemistry  and  the  need  to  moni¬ 
tor  system  and  wafer  parameters.  The  x-ray  rocking 
curve  widths  for  CuK^  (531)  reflections  were  in  the 
range  of  2.3-3. 6  arc-min,  with  no  clear  trend  with 
changing  VT/II  ratio.  X-ray  topography  of  CdTe  buffer 
layers  on  GaAs/Si  showed  a  mosaic  structure  that  is 
similar  to  CdTe/sapphire  substrates.  The  EPD  in 
HgCdTe  layers  grown  onto  improved  buffer  layers 
was  as  low  as  6  x  10®  cm-^  for  low  temperature  MOVPE 
growth  and  low  10®  cm-^  in  the  near  surface  region  of 
the  higher  temperature  grown  Hg-melt  LPE  layers.^® 

The  CdTe  buffer  layers  grown  onto  GaAs/Si  (PACE- 
III)  are  generally  similar  to  CdTe  grown  onto  sap¬ 
phire  (PACE-I).  Both  are  characterized  by  a  mosaic 
structure.  Rocking  curve  width  is  primarily  deter¬ 
mined  by  the  misorientation  spread  of  the  mosaic 
blocks.  The  mosaic  block  dimensions  are  comparable 
to  the  layer  thickness.  For  thicker  layers,  the  blocks 
are  larger  and  the  rocking  curve  width  decreases.  For 
buffer  layer  about  10  pm  thick,  rocking  curves  are  1.5 
to  2.0  times  broader  for  PACE-III  than  PACE-I.  The 
crystal  quality  as  measured  by  rocking  curves  and 
topographs  is  insensitive  to  MOVPE  growth  tem¬ 
perature  and  VI/II  ratio  for  the  case  of  CdTe/GaAs/Si. 
This  means  that  these  parameters  can  be  chosen 
within  fairly  broad  limits  to  optimize  properties,  such 
as  surface  morphology,  which  are  more  sensitive  to 
them. 
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Direct  epitaxial  growth  of  high-quality  {lOOlCdZnTe  on  3  inch  diameter  vicinal 
{100}Si  substrates  has  been  achieved  using  molecular  beam  epitaxy  (MBE);  a 
ZnTe  initial  layer  was  used  to  maintain  the  {lOOlSi  substrate  orientation.  The 
properties  of  these  substrates  and  associated  HgCdTe  layers  grown  by  liquid 
phase  epitaxy  (LPE)  and  subsequently  processed  long  wavelength  infrared 
(LWIR)  detectors  were  compared  directly  with  our  related  efforts  using  CdZnTe/ 
GaAs/Si  substrates  grown  by  metalorganic  chemical  vapor  deposition  (MOC  VD). 
The  MBE-grown  CdZnTe  layers  are  highly  specular  and  have  both  excellent 
thickness  and  compositional  uniformity.  The  x-ray  full- width  at  half-maximum 
(FWHM)  of  the  MBE-grown  CdZnTe/Si  increases  with  composition,  which  is  a 
characteristic  of  CdZnTe  grown  by  vapor  phase  epitaxy,  and  is  essentially 
equivalent  to  our  results  obtained  on  CdZnTe/GaAs/Si.  As  we  have  previously 
observed,  the  x-ray  FWHM  of  LPE-grown  HgCdTe  decreases,  particularly  for 
CdZnTe  compositions  near  the  lattice  matching  condition  to  HgCdTe;  so  far  the 
best  value  we  have  achieved  is  54  arc-s.  Using  these  MBE-grown  substrates,  we 
have  fabricated  the  first  high-performance  LWIR  HgCdTe  detectors  and 
256  X  256  arrays  using  substrates  consisting  of  CdZnTe  grown  directly  on  Si 
without  the  use  of  an  intermediate  GaAs  buffer  layer.  We  find  first  that  there  is 
no  significant  difference  between  arrays  fabricated  on  either  CdZnTe/Si  or 
CdZnTe/GaAs/Si  and  second  that  the  results  on  these  Si-based  substrates  are 
comparable  with  results  on  bulk  CdZnTe  substrates  at  78K.  Further  improve¬ 
ments  in  detector  performance  on  Si-based  substrates  require  a  decrease  in  the 
dislocation  density. 

Keywords:  CdZnTe,  CdZnTe/Si,  heteroepitaxy,  HgCdTe,  infrared  focal 
plane  arrays  (INFRAs),  liquid  phase  epitaxy  (LPE), 
metalorganic  chemical  vapor  deposition  (MOCVD),  molecular 
beam  epitaxy  (MBE) 


INTRODUCTION 

HgCdTe  hybrid  infrared  focal  plane  arrays  (IRFPAs) 
consisting  of  two-dimensional  detector  arrays  that 
are  hybridized  to  Si  readout  chips  using  In-bumps  are 
the  dominant  technology  for  second  generation  photo¬ 
voltaic  long  wavelength  infrared  (LWIR)  imaging 
applications.  The  detectors  are  predominantly  fabri¬ 
cated  using  HgCdTe  layers  grown  using  liquid  phase 
epitaxy  (LPE)  on  lattice-matched  bulk  CdZnTe  sub- 
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strates.^  As  the  size  of  the  hybrid  IRFPAs  increases, 
it  becomes  more  important  to  create  a  thermal- 
expansion-matched  hybrid  structure  to  ensure  long¬ 
term  thermal  cycle  reliability.  One  attractive  ap¬ 
proach  is  to  grow  the  HgCdTe  on  a  Si-based  substrate 
rather  than  a  bulk  CdZnTe  substrate.  Additional 
benefits  of  using  a  Si-based  substrate  include  lower 
cost,  increased  strength,  and  larger  dimensions  than 
bulk  CdZnTe  substrates. 

We  have  previously  reported  the  status  of  achiev¬ 
ing  a  thermal-expansion-matched  IRFPA  using 
CdZnTe/GaAs/Si  alternative  substrates  grown  by 
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Fig.  1.  CdogeZrioo^Te/Si  thickness  uniformity  across  3  inch  diameter 
wafer  (mean  =  11.2  \Lm,  standard  deviation  =  0.15  ^m,  standard 
deviation/mean  =  1 .35%). 


Position  (cm) 

Fig.  2.  Cdo  ggZng  04Te/Si  composition  uniformity  across  3  inch  diameter 
wafer  (mean  [ZnTe]  =  3.58%,  standard  deviation  =  0.062%). _ 

metalorganic  chemical  vapor  deposition  (MOCVD) 
for  the  growth  of  p-on-n  double-layer  heterojunction 
structures  by  controllably  doped,  mercury-rich  LPE; 
arrays  as  large  as  480  x  640  have  been  demonstrated.^ 
As  previously  summarized,^  (also  see  references  in 
these  proceedings)^’^  most  of  the  efforts  on  Si-based 
substrates  have  utilized  MOCVD  to  grow  CdTe  or 
CdZnTe  on  GaAs/Si  substrates  because  of  the  relative 
ease  of  obtaining  II-VI  epitaxy  on  a  GaAs  surface  in 
comparison  with  directly  on  Si.  However,  the  use  of  a 
GaAs  intermediate  layer  is  undesirable  since  it  adds 
to  the  wafer  cost  and  introduces  contamination  risk  in 
the  LPE  HgCdTe  growth  process  since  Ga  and  As  are 
both  effective  dopants  in  HgCdTe. 

More  recently,  direct  growth  of  CdTe  on  Si  has  been 
achieved  by  MOCVD  using  atomic-layer  epitaxy 
(ALE)^  and  by  using  an  in  situ  grown  Ge  buffer  layer.® 
Historically,  most  of  the  work  on  direct  growth  of 
CdTe  on  Si  has  been  done  using  molecular  beam 
epitaxy  (MBE)  and  has  focused  on  achieving 
{lll}CdTe/{100}Si.’^’®  The  purpose  of  the  work  re¬ 
ported  here  was  to  use  MBE  for  the  direct  growth  of 
{100}CdZnTe/{100}Si  to  achieve  a  Si-based  substrate 


that  is  lattice-matched  to  HgCdTe,  by  utilizing  a 
CdZnTe  epitaxial  layer,  and  to  maintain  a  {100}  layer 
orientation  to  avoid  the  problem  of  twinning  which  is 
common  in  {lll}CdTe  and  {lll}HgCdTe  grown  by 
vapor  phase  epitaxy  techniques. 

This  paper  will  first  describe  the  MBE  growth  of 
CdZnTe/Si  and  the  LPE  growth  of  HgCdTe  followed 
by  the  results  of  material  characterization  measure¬ 
ments  made  on  these  epitaxial  layers.  The  perfor¬ 
mance  characteristics  of  LWIR  HgCdTe  detectors 
fabricated  on  CdZnTe/Si  substrates  will  be  discussed 
next  followed  by  results  obtained  for  the  first  demon¬ 
stration  of  an  LWIR  HgCdTe  256  x  256  focal  plane 
array  using  a  substrate  consisting  of  CdZnTe  grown 
directly  on  Si  without  the  use  of  an  intermediate  GaAs 
buffer  layer.  Throughout  the  paper,  the  material 
characteristics  of  the  CdZnTe/Si  substrates  and  their 
associated  detector  performance  will  be  compared 
with  our  results  for  CdZnTe/GaAs/Si  substrates. 

MATERIAL  GROWTH 

A  more  detailed  discussion  of  the  direct  growth  of 
Cd^  yZn^Te  epitaxial  layers  on  (lOOjSi  and  {112}Si 
substrates  by  MBE  was  previously  published^-^^  and 
is  briefly  summarized  below.  CdTe,  ZnTe,  and  CdZnTe 
epitaxial  layers  were  grown  in  a  VG  Model  80  MBE 
system  using  Cd,  Zn,  CdTe,  and  ZnTe  sources.  Three- 
inch  diam  (lOOjSi  substrates  that  were  misoriented 
either  4  or  8°  toward  <11 1>  were  cleaned  using  HF- 
based,  low-temperature  cleaning  procedures. 
Cdj_  Zn  Te  layers  were  grown  under  Group  II  stabi- 
lizecJ  conditions  with  growth  temperatures  of  300- 
360°C  and  growth  rates  of  1.0-1.2  [im/h.  An  initial 
layer  of  ZnTe  with  a  thickness  of  1  pm  was  used  to 
maintain  the  (lOOJSi  orientation;  ZnTe  nucleation 
layers  are  commonly  used  for  this  same  purpose  for 
growth  of  CdTe  and  CdZnTe  on  GaAs/Si  substrates.^ 
CdZnTe  layers  were  typically  grown  to  a  thickness  of 
10  pm  which,  including  the  1  pm  ZnTe  layer,  resulted 
in  a  nominal  total  layer  thickness  of  11  pm  on  the  Si 
substrate. 

Long  wavelength  infrared  Hg^^^Cd^gsTe  double¬ 
layer  heterojunctions  were  grown  by  vertical  LPE 
from  infinite  melt  mercury-rich  solutions.  The  n-type 
base  layer  was  doped  with  indium  and  the  p-type 
wider  bandgap  layer  was  doped  with  arsenic.  Several 
excellent  reviews  describing  this  technology  have 
been  published.^’’^®’^^ 

MATERIAL  PROPERTIES 

The  thickness  uniformity  of  the  CdZnTe  layers  was 
determined  from  the  spacing  of  interference  fringes  in 
the  transmission  vs  wavenumber  spectrum  measured 
at  room  temperature  using  a  F ourier  transform  infra¬ 
red  (FTIR)  spectrometer.  Note  that  this  technique 
measures  the  combined  thickness  of  the  ZnTe  and 
CdZnTe  layers  since  the  indices  of  refraction  for  these 
materials  are  nearly  identical.  X-ray  rocking  curve 
full- width  at  half-maximum  (FWHM)  measurements 
were  determined  from  symmetric  (400)  reflections 
using  a  high-resolution  x-ray  diffractometer  having  a 
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Si  four-crystal  monochromator  to  produce  CuKa^  ra¬ 
diation  and  having  an  optically  encoded  angular  read¬ 
out  for  precise  angle  measurements.  Cdj_yZnyTe  com¬ 
position  and  its  uniformity  across  the  wafer  surface 
was  determined  from  77K  photoluminescence  (PL) 
measurements . 

Figure  1  shows  a  plot  of  the  CdZnTe  thickness 
uniformity  measured  across  the  3  inch  diameter  wa¬ 
fer.  The  thickness  uniformity  is  excellent  with  a  mean 
of  11.2  pm  and  a  standard  deviation/mean  of  1.35%. 
The  wafer  is  rotated  about  the  center  during  growth 
and  Fig.  1  shows  the  slight  decrease  in  thickness  from 
the  center  to  edge  which  is  unimportant  for  this 
application.  Figure  2  shows  a  similar  plot  of  the  y  = 
[ZnTe]  composition  measured  across  this  same  wafer. 
The  composition  is  extremely  uniform  with  a  mean 
value  of  [ZnTe]  =  3.58%  and  a  standard  deviation  of 
0.062%.  Unlike  the  thickness  plot  in  Fig.  1,  the  com¬ 
position  profile  has  no  systematic  variation  from  the 
center  to  edge  of  the  wafer  and  is  within  the  resolution 
of  the  PL  measurements  used  to  determine  the  compo¬ 
sition.  This  composition  uniformity  is  better  than  our 
previous  results  for  MOCVD-grown  CdZnTe/GaAs/ 
Si.2  Figure  3  shows  the  {400}  x-ray  FWHM  measured 
at  various  locations  on  this  same  wafer.  The  average 
FWHM  is  193  arc-s  with  a  standard  deviation/mean  of 
6%.  This  is  typical  of  what  is  observed  for  CdZnTe  of 
this  same  composition  grown  on  GaAs/Si  substrates. 
For  comparison,  we  have  grown  [100]CdTe/Si  having 
x-ray  FWHM  values  as  low  as  78  arc-s  which  is  the 
best  reported  value  for  growth  directly  on  Si  without 
the  use  of  a  GaAs  intermediate  layer. 

Figure  4  shows  a  plot  of  the  {400}  x-ray  FWHM  of  a 
large  number  of  Cd,  Zn^Te  layers  grown  directly  on 
Si  substrates  by  MBE  (this  work)  compared  with 
results  of  MOCVD-grown  CdZnTe/GaAs/Si.^  The 
MOCVD-grown  CdZnTe  layers  shown  in  Fig.  4  have 
a  nominal  thickness  of  8  pm.  Figure  4  shows  that  the 
CdZnTe  layers  grown  by  either  technique  are  compa¬ 
rable  in  quality  and  the  FWHM  increases  with  in¬ 
creased  [ZnTe]  alloy  content.  This  FWHM  broadening 
is  a  characteristic  that  is  peculiar  to  ternary  CdZnTe 
alloys  (but  not  CdTe  or  ZnTe  binary  compounds) 
grown  by  vapor  phase  epitaxial  techniques  and  has 
been  attributed  to  phase  separation^®’^'^  and  is  dis¬ 
cussed  in  more  detail  elsewhere.^  The  data  points  for 
the  MBE  CdZnTe  layers  in  Fig.  4  that  exceed  approxi¬ 
mately  250  arc-s  are  associated  with  early  process 
development  experiments  and  are  not  indicative  of 
the  current  process  reproducibility. 

Hg^^^Cd^gsTe  baselayers  having  a  nominal  thick¬ 
ness  of  15  pm  were  grown  on  the  CdZnTe/Si  sub¬ 
strates  using  LPE  and  compared  with  similar  growths 
done  earlier  on  CdZnTe/GaAs/Si  substrates  grown  by 
MOCVD.2  We  have  always  found  that  the  x-ray  FWHM 
of  the  HgCdTe  layer  grown  on  a  Si-based  substrate  is 
substantially  better  than  the  FWHM  of  the  starting 
Cdj_  ZnyTe  epitaxial  layer.  This  FWHM  reduction  is 
attributed  to  dislocation  annihilation  which  occurs 
both  as  the  thickness  of  the  CdZnTe  and  HgCdTe 
layers  increase  and  to  thermal  annealing,  which  in¬ 


creases  the  mobility  of  dislocations,  during  the  HgCdTe 
LPE  growth. 

The  reduction  in  x-ray  FWHM  in  the  LPE-^own 
HgCdTe  layers  is  also  related  to  the  composition  of 
the  CdZnTe/Si  substrates  as  shown  in  Fig.  5.  Figure 
5  is  a  plot  of  the  x-ray  FWHM  of  HgCdTe  layers  vs  the 
composition  of  the  CdZnTe/Si  substrate  grown  by 
MBE  (this  work)  compared  with  our  results  using 
MOC\^-grown  CdZnTe/GaAs/Si  substrates.  Figure 
5  shows  that  the  use  of  ternary  Cd,  Zn^Te  grown 
either  directly  on  Si  or  on  GaAs/Si  substrates,  par¬ 
ticularly  y  ~  0.03-0.05,  results  in  a  smaller  x-ray 
FWHM  in  the  HgCdTe  layer  compared  with  using  a 
CdTe  buffer  layer.  The  most  obvious  explanation  is  to 
attribute  this  effect  to  closer  lattice-matching  of  the 
CdZnTe  buffer  layer  to  the  HgCdTe  layer,  but  it  is 
interesting  to  observe  that  this  near  lattice  matching 
results  in  a  lower  x-ray  FWHM  in  the  HgCdTe  despite 


Fig.  3.  {400}  x-ray  FWHM  measured  over  a  3  Inch  Cdo9eZnoo4Te/Si 
wafer  (mean  =  1 93  arc-s,  standard  deviation  =  1 1 .6  arc-s). 
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Fig.  4.  Plot  of  the  {400}  x-ray  FWHM  of  Cdi_yZnyTe  layers  grown 
directly  on  Si  substrates  by  MBE  (this  work)  compared  with  results  of 
MOCVD-grown  CdZnTe/GaAs/Si  as  afunction  of  y  =  [ZnTe]  substrate 
composition. 
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the  fact  that  the  ternary  CdZnTe  layers  have  a  much 
broader  x-ray  FWHM  compared  with  CdTe.  Figure  5 
also  shows  that  excellent  quality  HgCdTe  can  be 
grown  by  LPE  on  CdZnTe/Si  substrates  and  that 
several  of  these  layers  have  FWHM  values  that  are 
better  than  those  achieved  on  CdZnTe/GaAs/Si  sub¬ 
strates;  so  far  the  best  value  we  have  achieved  is  54 
arc-s. 

Similar  to  our  earlier  observations  on  CdZnTe/ 
GaAs/Si,2  a  further  benefit  of  using  the  ternary  CdZnTe 
buffer  layers  is  seen  by  the  improvement  in  the 
surface  morphology  of  HgCdTe  grown  by  LPE  on 
these  substrates  compared  with  HgCdTe  layers  grown 
on  either  CdTe/Si  or  CdTe/GaAs/Si.  Figures  6a  and  6b 
compare  the  surface  morphology,  accentuated  using 
Nomarski  optical  microscopy,  of  MBE-grown 
Cdo^eZn^o^Te/Si  and  Hgg.^Cdo^gTe  grown  on 
CdgggZnoo^Te/Si,  respectively.  Using  a  surface  pro- 
filometer,  the  peak-to-peak  roughness  of  the  CdZnTe 
buffer  layer  (Fig.  6a)  is  approximately  25A  while  that 
of  the  HgCdTe  (Fig.  6b)  grown  on  a  CdZnTe  buffer 
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Fig.  5.  Plot  of  the  {400}  x-ray  FWHM  of  LPE-grown  LWIR  HgQ  ^^CcIq  gsTe 
layers  vs  the  composition  of  the  CdZnTe/Si  substrate  grown  by  MBE 
(this  work)  compared  with  our  results  using  MOCVD-grown  CdZnTe/ 
GaAs/Si  substrates. 


layer  is  approximately  0.25  gm.  The  MBE-grown 
CdZnTe/Si  surface  morphology  is  substantially 
smoother  than  our  previous  results  on  MOCVD-grown 
CdZnTe/GaAs/Si  which  had  a  peak-to-peak  rough¬ 
ness  of  approximately  0.1  lim.^  However,  in  both 
cases,  the  LPE-grown  HgCdTe  had  a  surface  rough¬ 
ness  of  approximately  0.25  jam  and  is  apparently 
independent  of  the  roughness  of  the  initial  CdZnTe 
layer  (at  least  in  the  range  we  have  measured).  This 
HgCdTe  surface  morphology  is  adequate  to  fabricate 
high  density  focal-plane  arrays  as  discussed  in  the 
next  section. 

LWIR  HgCdTe  256  x  256  ARRAYS  ON 
CdZnTe/Si  SUBSTRATES 

Long  wavelength  infrared  HgCdTe  256  x  256  hy¬ 
brid  arrays  and  test  structures  were  fabricated  from 
p-on-n  double-layer  heterojunctions  grown  by  LPE  on 
the  MBE-grown  CdZnTe/Si  substrates  by  defining 
and  etching  mesas  to  isolate  the  individual  detectors. 
The  center-to-center  spacing  of  the  individual  ele¬ 
ments  was  30  |Jim  in  the  266  x  256  array  and  50  pm  in 
the  miniarray  on  the  test  structure.  Figure  7a  shows 
a  histogram  of  the  resistance-area  product  at  zero 
bias  (R^A^;  optical  area,  =  2.5  x  10"^  cm^)  of  23  diodes 
in  a  miniarray  from  the  test  structure,  accessed  from 
a  fanout,  measured  at  T  =  78K  under  f72  field  of  view 
(FOV,  300K)  background  and  Fig.  7b  shows  the  spec¬ 
tral  response  of  two  of  these  detectors  measured  at 
zero  bias  at  T  =  78K.  The  mean  product  is  613  Q- 

cm^  for  detectors  having  a  cutoff  wavelength  of  9.4  pm 
and  a  mean  quantum  efficiency  of  64%  (no  anti¬ 
reflection  coating)  which  demonstrates  that  high- 
quality  LWIR  HgCdTe  detectors  can  be  fabricated 
directly  on  Si  substrates. 

To  help  determine  the  mechanisms  which  limit  the 
performance  of  these  detectors,  the  R^A.  product  (junc¬ 
tion  area,  A^  =  1.1  x  10"^  cm^)  was  measured  as  a 
function  of  temperature  at  zero  FOV  for  one  of  the 
miniarray  diodes  in  Fig.  7  which  has  a  cutoff  wave- 
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Fig.  7.  (a)  RAo  histogram  of  23  diodes  in  a  HgCdTe  test  structure 
miniarray  fabricated  on  CdZnTe/Si  substrates  measured  at  T  =  78K 
under  f/2  FOV  (300K)  background,  and  (b)  spectral  response  of  two  of 
these  detectors  measured  at  zero  bias  at  T  =  78K. 

length  of  9.4  \im  at  78K.  Figure  8  shows  a  plot  of 
vs  1/T  for  this  diode.  A  line  with  a  slope  that  corre¬ 
sponds  to  the  diffusion-limited  R  A  product  and  is 
representative  of  detectors  fabricated  on  bulk  CdZnT  e 
substrates  is  also  shown  in  Fig.  8.  Figure  8  shows  that 
the  R^Aj  product  of  the  diode  fabricated  on  CdZnTe/Si 
is  diffusion-limited  for  temperatures  exceeding  ap¬ 
proximately  lOOK;  below  about  lOOK,  the  R^A  prod¬ 
uct  is  affected  by  both  excess  generation-recombination 
(g-r)  and  tunneling  currents.  At  40K,  the  R^Amroduct 
is  nearly  10®  Q-cm^  which  is  excellent  for  a  Si-based 
substrate;  a  detector  fabricated  on  bulk  CdZnTe  with 
this  same  cutoff  wavelength  would  have  a  R  A  prod¬ 
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Fig.  8.  product  measured  at  zero  FOV  vs  inverse  temperature  for 
a  HgCdTe  miniarray  diode  fabricated  on  CdZnTe/Si. 
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Fig.  9.  Comparison  of  recent  results  of  LWIR  HgCdTe  arrays  fabri¬ 
cated  on  MBE-grown  CdZnTe/Si  and  MOCVD-grown  CdZnTe/GaAs/ 
Si  with  a  historical  trendline  of  arrays  fabricated  on  bulk  CdZnTe  for  a 
wide  variety  of  applications  at  different  cutoff  wavelengths;  each  data 
point  represents  the  array  average  R  A  product  measured  at  f/2  FOV 
(300K)  background  at  a  temperature  of  78K. 

uct  exceeding  10^  Q-cm^  when  cooled  to  40K. 

These  results  are  entirely  consistent  with  our  pre¬ 
vious  findings  for  HgCdTe  MWIR^®  and  LWIR^  detec¬ 
tors  fabricated  on  CdZnTe/GaAs/Si  substrates.  We 
believe  that  the  excess  g-r  and  tunneling  currents  are 
associated  with  the  increased  density  of  threading 
dislocations,  determined  from  the  etch-pit  density,  in 
the  HgCdTe  which  are  typically  in  the  mid-10®  cm-^ 
range  for  Si-based  substrates  compared  with  about 
10®  cm”2  for  bulk  CdZnTe  substrates.  This  higher 
dislocation  density  only  weakly  affects  the  diffusion 
current,  spectral  response,  and  quantum  efficiency 
while  it  can  dramatically  affect  the  R^A  product, 
particularly  at  temperatures  below  78K.^^’2^ 

Figure  9  compares  the  recent  results  of  LWIR 
HgCdTe  arrays  fabricated  on  MBE-grown  CdZnTe/Si 
and  MOCVD-grown  CdZnTe/GaAs/Si  with  a  histori¬ 
cal  trendline  of  arrays  fabricated  on  bulk  CdZnTe  for 
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Fig.  1 0.  Performance  of  HgCdTe  LWIR  256  x  256  array  fabricated  on 
CdZnTe/Si  substrate  showing  histogram  of  (a)  responsivity  and  (b) 
NEAT  measured  at  78K. _ 

a  wide  variety  of  applications  at  different  cutoff  wave¬ 
lengths;  each  data  point  represents  the  array  average 
R^A^  product  measured  at  f  2  FOV  (300K)  background 
at  a  temperature  of  78K.  The  two  continuous  curves 
shown  in  Fig.  9  were  calculated  to  indicate  diffusion- 
limited  behavior  and  are  only  shown  as  a  guide  to  the 
eye.  Figure  9  shows  first  that  there  is  no  significant 
difference  between  arrays  fabricated  on  either  CdZnTe/ 
Si  or  CdZnTe/GaAs/Si  and  second  that  the  results  on 
these  Si-based  substrates  are  comparable  with  re¬ 
sults  on  bulk  CdZnTe  substrates  at  78K.  A  further 
reduction  in  the  dislocation  density  for  HgCdTe  grown 
on  Si-based  substrates  is  needed  to  improve  the  detec¬ 
tor  performance  margin  and  reverse-bias  character¬ 
istics  at  78K  and  to  improve  detector  performance  at 
lower  temperatures  in  comparison  with  bulk  CdZnTe 
substrates 

One  of  the  LWIR  HgCdTe  256  x  256  arrays  fab¬ 
ricated  on  the  MBE-grown  CdZnTe/Si  substrates  was 
hybridized  to  a  Si  readout  circuit  and  tested  at  78K 
under  a  background  flux  of  1.6  x  10^^  ph/cm^-s  and  a 
600  ps  integration  time.  The  readout  includes  a  stan¬ 
dard  direct  injection  input  circuit  with  a  large  inte¬ 
gration  capacitor  for  large  charge  storage  capacity. 
Other  features  include  d3mamic  adjustment  of  the 
integration  period  in  a  range  from  20  ps  to  8  ms  and 


frame  rates  as  high  as  120  Hz.  Figure  10a  shows  a 
histogram  of  the  responsivity  which  has  an  average  of 
1.0  X  10“i2  mV/ph/cm^-s  and  a  standard  deviation/ 
mean  of  14%;  Fig.  10b  shows  the  NEAT  histogram 
which  has  an  average  of  56mK  and  standard  devia¬ 
tion  of  13mK.  Average  D*  under  these  conditions  was 
2.6  X  10^^  Jones,  a  value  which  is  in  good  agreement 
with  a  BLIP-limited  D*  of  6.6  x  10^^  Jones,  for  a 
detector  with  64%  quantum  efficiency.  These  results 
represent  the  first  demonstration  of  an  LWIR  HgCdTe 
256  X  256  focal  plane  array  using  a  substrate  consist¬ 
ing  of  CdZnTe  grown  directly  on  Si  without  the  use  of 
an  intermediate  GaAs  buffer  layer. 

SUMMARY  AND  CONCLUSIONS 

Direct  epitaxial  growth  of  high-quality  {100)CdZnTe 
on  3  inch  diam  vicinal  {100}Si  substrates  has  been 
achieved  using  MBE;  a  ZnTe  initial  layer  was  used  to 
maintain  the  {100}Si  substrate  orientation.  The  prop¬ 
erties  of  these  substrates  and  associated  LPE-grown 
HgCdTe  layers  and  LWIR  detectors  were  compared 
directly  with  our  related  efforts  using  MOCVD-grown 
CdZnTe/GaAs/Si  substrates.  The  MBE-grown  CdZnTe 
layers  are  highly  specular  and  have  both  excellent 
thickness  uniformity,  determined  from  FTIR  mea¬ 
surements,  and  compositional  uniformity,  determined 
from  77K  PL  measurements.  The  x-ray  FWHM  of  the 
MBE-grown  CdZnTe/Si  increases  with  composition, 
which  is  a  characteristic  of  CdZnTe  grown  by  vapor 
phase  epitaxy,  and  is  essentially  equivalent  to  our 
results  obtained  on  CdZnTe/GaAs/Si.  As  we  have 
previously  observed,  the  LPE-grown  HgCdTe  x-ray 
FWHM  decreases,  particularly  for  CdZnTe  composi¬ 
tions  near  the  lattice  matching  condition  to  HgCdTe. 
Several  of  these  HgCdTe  layers  grown  on  CdZnTe/Si 
have  x-ray  FWHM  values  that  are  better  than  those 
achieved  on  CdZnTe/GaAs/Si  substrates;  so  far  the 
best  value  we  have  achieved  is  54  arc-s. 

Using  these  CdZnTe/Si  substrates,  we  have  fab¬ 
ricated  the  first  high-performance  LWIR  HgCdTe 
detectors  and  256  x  256  arrays.  We  find  first  that 
there  is  no  significant  difference  between  arrays  fab¬ 
ricated  on  either  CdZnTe/Si  or  CdZnTe/GaAs/Si  and 
second  that  the  results  on  these  Si-based  substrates 
are  comparable  with  results  on  bulk  CdZnTe  sub¬ 
strates  at  78K.  A  further  reduction  in  the  dislocation 
density  for  HgCdTe  grown  on  Si-based  substrates  is 
needed  to  improve  the  detector  performance  margin 
and  reverse-bias  characteristics  at  78K  and  to  im¬ 
prove  detector  performance  at  lower  temperatures  in 
comparison  with  bulk  CdZnTe  substrates.  Finally, 
these  Si-based  thermal-expansion-matched  substrates 
are  compatible  with  our  mature  LPE  HgCdTe  photo¬ 
voltaic  detector  process  and  the  recent  achievement^^’^^ 
of  high-quality  {112}CdZnTe/Si  holds  promise  for  all- 
MBE  grown  HgCdTe  detectors  on  Si-based  substrates. 
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CdTe(lll)B  layers  have  been  grown  on  misoriented  Si(OOl).  Twin  formation 
inside  CdTe(lll)B  layer  is  very  sensitive  to  the  substrate  tilt  direction.  When 
Si(OOl)  is  tilted  toward  [110]  or  [100],  a  fully  twinned  layer  is  obtained.  When 
Si(OOl)  is  tilted  toward  a  direction  significantly  away  from  [110],  a  twin-free 
layer  is  obtained.  Microtwins  inside  the  CdTe(lll)B  layers  are  overwhelmingly 
dominated  by  the  lamellar  twins.  CdTe(lll)B  layers  always  start  with  heavily 
lamellar  twinning.  For  twin-free  layers,  the  lamellar  twins  are  gradually 
suppressed  and  give  way  to  twin-free  CdTe(lll)B  layer.  The  major  driving  forces 
for  suppressing  the  lamellar  twinning  are  the  preferential  orientation  of 
CdTe[ll  2]  along  Si[l  10]  and  lattice  relaxation.  Such  preferential  orientation 
is  found  to  exist  for  the  CdTe(lll)B  layers  grown  on  Si(OOl)  tilted  toward  a 
direction  between  [110]  and  [100]. 

Keywords:  CdTe/Si,  heteroepitaxy,  molecular  beam  epitaxy  (MBE), 
twinning 


INTRODUCTION 

Before  CdTe(lll)B  grown  on  Si(OOl)  can  be  consid¬ 
ered  as  an  alternative  substrate  for  the  growth  of 
HgCdTe,  there  are  several  obstacles  to  be  eliminated. 
Foremost  of  those  is  formation  of  double-domain  and 
twin  in  CdTe(lll)B  layers  grown  on  Si(OOl),  since 
CdTe[ll  2]  can  align  with  any  one  of  Si(OOl)  axes.^ 
Such  structural  defects  are  nicely  revealed  by  trans¬ 
mission  electron  microscopy  (TEM)  pictures.^  In  our 
previous  publication,^  we  have  also  shown  that  the 
double-domain  defect  can  be  effectively  eliminated  by 
using  the  misoriented  Si(OOl)  tilted  toward  [110], 
which  lifts  the  90°-rotation  symmetry  of  the  Si(OOl) 
surface.  In  this  paper,  we  present  our  investigation 
toward  understanding  and  suppressing  the  forma¬ 
tion  of  twinning. 

Microtwins  are  known  to  be  the  common  defects  in 
CdTe(lll)  layers.  Along  the  [111]  orientation,  the 
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crystal  with  zinc-blende  structure,  like  the  CdTe,  can 
be  visualized  as  being  continuously  piled  up  close 
packed  planes.  Each  plane  contains  two  sheets  of 
atoms.  There  are  two  possible  packing  sequences, 
which  are  almost  energetically  identical.  One  is 
ABC  ABC  —  The  other  is  ACBACB  •  •  •.  The  twin  is 
presented  when  both  types  of  sequences  coexist  inside 
the  crystal.  Basically,  there  are  two  types  of  twins,  as 
shown  in  Fig.  1.  The  lamellar  twin  is  formed  with  a 
coherent  twin  boundary  parallel  to  the  (111)  plane, 
when  layers  in  different  sequences  are  packed  on  top 
of  each  other.  The  double-positioning  twin  is  formed 
with  an  incoherent  boundary  perpendicular  to  the 
(111)  plane,  when  layers  in  different  sequences  are 
packed  side  by  side.  Both  twin  configurations  possess 
180°  rotation  symmetry. 

In  order  to  prevent  the  formation  of  twinning  in 
CdTe(lll)B  layer  grown  on  Si(OOl)  substrate,  we 
have  to  avoid  at  least  the  180°  rotation  symmetry  of 
the  Si(OOl)  surface.  This  can  be  achieved  by  using  the 
misoriented  Si(OOl)  with  tilt  parameters  (0,(1)),  as 
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Fig.  1 .  Two  types  of  microtwin  structures  in  CdTe{1 1 1 )  layer. 


Fig.  2.  Schematic  illustration  of  substrate  tilt  and  its  tilt  parameters. 


defined  in  Fig.  2. 

In  this  paper,  we  present  our  experimental  results 
on  the  growth  of  CdTe(lll)B  on  misoriented  Si(OOl) 
with  varying  tilt  parameters  (0,  ([)).  The  microtwin 
structure  is  revealed  by  TEM.  The  microtwin  content 


is  detected  by  x-ray  double  crystal  diffractometer 
(BCD). 

EXPERIMENT 

The  substrates  used  for  this  research  are  2  inch 
diam  misoriented  Si(OOl)  wafers  with  varying  tilt 
parameters  (9,  ^).  All  the  CdTe(lll)B  layers  are 
grown  in  an  OPUS  45  which  is  a  multiwafer  molecu¬ 
lar  beam  epitaxy  (MBE)  system  manufactured  by 
ISA-Riber.  This  system  can  handle  up  to  three  2  inch 
diam  or  one  5  inch  diam  wafer.  In  each  run,  CdTe(  1 1 1)B 
layers  are  grown  simultaneously  on  three  2  inch  diam 
Si(OOl)  substrates  with  same  0  and  different  (j)  values, 
or  vice  versa.  From  run  to  run,  we  also  use  the  same 
growth  conditions,  so  that  the  experimental  results 
are  compatible. 

The  substrates  used  for  the  MBE  growth  of 
CdTe(  1 1 1)B  first  go  through  a  routine  chemical  clean¬ 
ing  procedure  just  before  they  are  loaded  into  the 
MBE  chamber.  This  chemical  cleaning  procedure  is 
developed  from  both  the  RCA  method,^  and  the  method 
described  by  Ishizaka  and  Shiraki.'^  The  procedure 
includes  a  degreasing  step,  a  wet  chemical  etching, 
and  an  oxidation  step.  Between  each  step,  the  wafer 
is  thoroughly  rinsed  with  deionized  water.  As  a  result, 
at  the  end  of  the  process,  the  wafer  is  covered  by  a 
protective  thin  oxide  film.  Immediately  before  deposi¬ 
tion  of  CdTe,  the  oxide  film  is  removed  in-situ  by 
heating  up  the  wafer  over  850°C. 

CdTe(lll)B  layers  are  grown  on  Si(OOl)  by  using  a 
two-step  method  which  is  similar  to  the  method  used 
routinely  for  the  growth  of  GaAs  on  Si.  CdTe  is  first 
grown  at  about  220°C  for  several  minutes,  then  grown 
at  about  260'"C  for  about  10  min.  The  as-grown  layer 
is  then  annealed  at  about  360®C  under  Te  flux  for  10 
min.  The  remainder  of  the  CdTe  layer  is  grown  at 
about  310°C.  At  the  end  of  the  growth,  the  layer  is 
annealed  in-situ  at  360°C  under  Te  flux  for  about  30 
min.  During  the  annealing,  no  surface  re-evaporation 
is  observed  by  reflection  high  energy  electron  diffrac¬ 
tion  (RHEED).  The  typical  growth  rate  is  about  2A/S. 

The  as-grown  layers  are  then  evaluated  by  x-ray 
BCD  for  the  layer  quality  and  twin  content.  The  layer 
quality  is  indicated  by  the  line  width  which  is  defined 
as  the  full  width  at  half  maximum  (FWHM)  of  the  x- 
ray  rocking  curves.  The  twin  content  of  the  layers  can 
be  detected  by  x-ray  diffraction.  This  was  done  in  a 
similar  way  as  the  twin  content  of  HgCdTe(lll)  was 
detected.^  For  a  CdTe  single  crystal  (111)  orientation 
posses  a  threefold  symmetry,  which  can  be  identified 
by  a  set  of  planes  such  as  {224},  {335}  etc.  For  a 
twinned  CdTe  layer,  the  twin  counterpart  is  rotated 
around  [111]  axis  by  180*".  These  are  illustrated  in 
Fig.  3. 

In  present  work,  we  use  the  symmetry  of  {224} 
diffraction  to  study  the  twin  content  of  the  CdTe(  1 1 1)B 
layers.  The  experimental  setup  for  detecting  the  twin 
content  in  CdTe  layers  is  demonstrated  in  Fig.  4a. 
When  a  sample  is  rotated  around  its  surface  normal, 
we  expect  to  obtain  three  peaks  of  the  rocking  curves 
corresponding  to  {224}  reflection  for  a  twin-free  layer. 
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Additional  minor  peaks,  however,  are  recorded  in 
between  the  two  principal  peaks.  These  are  shown  in 
Fig.  4b.  The  twin  content  is  defined  as  following: 


twin  content  = 


I„+L 


X  100%, 


where  and  Ip  are  the  intensities  of  minor  peak  and 
principal  peak,  respectively.  In  such  a  definition,  the 
50%  twin  content  stands  for  a  fully  twinned 
CdTedlDB  layer. 

Some  CdTe(lll)B  layers  are  also  examined  by 
TEM.  A  cross-section  bright  field  image  can  clearly 
reveal  the  microtwin  structure  inside  the  CdTe(  1 1 1)B 
layers.  This  work  is  done  in  Purdue  University. 

RESULTS  AND  DISCUSSIONS 

CdTe(lll)B  layers  have  been  grown  on  Si(OOl) 
substrates  with  different  tilt  parameters  (0,  (j)).  The 
twin  contents  of  the  layers  are  assessed  by  x-ray 
diffraction.  Figure  5  shows  the  twin  contents  of  the  as- 
grown  layers  vs  the  substrate  tilt  directions  ((|))  with 
two  sets  of  tilt  angle  (0).  When  CdTe(  1 1 1)B  was  grown 
on  Si(OOl)  tilted  toward  [110]  ((j)  =  0),  the  as-grown 
layers  are  plagued  by  heavy  twinning.  As  the  sub¬ 
strate  tilt  direction  turns  away  from  [110]  or  (|)  value 
increases,  the  twin  content  of  the  epilayers  decreases. 
The  twin  content  reaches  its  minimum  when  (|)  values 
fall  between  30  and  36°.  Then  the  twin  content  in¬ 
creases  again  as  the  ^  value  approaches  45°.  These 
results  indicate  that  the  twin  content  is  very  sensitive 
to  the  substrate  tilt  direction. 


Fig.  3.  Schematic  illustration  of  part  of  stereographic  (111)  projection, 
the  projection  in  dash  line  shows  presentation  of  twin  as  a  result  of  1 80° 
rotation  around  [111]  axis. 


In  order  to  find  out  the  contribution  of  the  substrate 
tilt  angle  to  the  formation  of  the  twin,  we  also  grow 
CdTe(lll)B  on  Si(OOl)  with  similar  tilt  direction  and 
different  tilt  angle.  In  Fig.  6,  we  show  the  twin 
contents  of  the  epilayers  vs  the  substrate  tilt  angle 
with  two  sets  of  tilt  directions.  The  results  exhibit 
that  the  twin  content  tends  to  increase  as  the  tilt 
angle  increases.  In  other  words,  the  increase  of  the  tilt 
angle  does  not  enhance  suppression  of  the  twin  forma¬ 
tion  at  all. 

Since  the  x-ray  diffraction  can  only  provide  the 
average  twin  content  of  the  epilayer,  the  results  give 
us  no  hint  about  the  microtwin  structure  and  its 
evolution  as  the  layer  thickness  increases.  Therefore, 
we  also  examine  the  epilayers  by  TEM.  Figure  7 
shows  the  cross-section  bright  field  TEM  images  taken 
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Fig.  4.  (a)  Experimental  setup  for  measuring  twin  content  in  CdTe(1 1 1)B 
layers  by  x-ray  diffraction,  where  0  is  Bragg  angle  for  (422)  refraction 
and  (j)  is  rotation  angle  of  the  sample  around  its  surface  normal,  (b) 
Schematic  illustration  of  x-ray  rocking  curves  of  CdTe(111)B  layer 
measured  by  the  setup  shown  in  (a).  Present  of  minor  peaks  indicates 
a  twinned  layer. 
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Fig.  5.  Twin  content  of  CdTe(1 1 1  )B  layers  vs  substrate  tilt  direction  (0) 
for  two  sets  of  tilt  angles  (0). 


Fig.  6.  Twin  content  of  CdTe(1 1 1  )B  layers  vs  substrate  tilt  angle  (0)  for 
two  sets  of  tilt  directions  ((j)). 


from  different  parts  of  the  CdTe(lll)B  layer  at  in- 
creasing  distance  from  the  CdTe/Si  interface.  The 
layer  are  grown  on  Si(OOl)  tilted  1°  toward  [170] 
which  is  about  35°  rotated  from  [110].  The  pictures 
clearly  indicate  that  the  microtwins  of  the  CdTe(  1 1 1)B 


O  1  degree  off 
□  1.5  degree  off 


tilt  direction  ^ 


substrate  tilt  angle  (0) 


grown  on  Si(OOl)  are  overwhelmingly  dominated  by  Fig.  7.  Cross-section  bright  field  TEM  images  of  CdTe(111)B  layer 

the  lamellar  twins,  which  is  quite  similar  to  the  taken  from  different  regions  inside  the  layer,  bright  and  dark  contrast 

microtwin  structures  of  the  CdTe(lll)B  grown  on  in  the  picture  shows  presentation  of  twins. - 


GaAs(OOl),  GaAsdlDB,  and  CdTe(lll)B.6>7  But,  in 
our  case,  the  lamellar  twin  does  not  extend  through¬ 
out  the  whole  layer.  The  heavy  twinning  is  confined  in 
a  region  within  2  pm  from  the  interface.  Then  a  few 
scattering  twins  present  in  the  next  3  pm  region. 
Beyond  that  the  twins  completely  die  out  and  give 
way  to  twin-free  region  of  the  CdTe(lll)B  layer.  The 
twin  content  of  the  same  layer  measured  by  x-ray 
diffraction  is  about  0.6%.  This  is  due  to  large  penetra¬ 
tion  depth  of  the  probing  x-ray  which  is  about  5  pm. 
The  thickness  of  the  CdTe  layer  is  about  9  pm. 
Therefore,  the  x-ray  diffraction  can  still  detect  the 
twin  structure  deep  inside  the  CdTe  layer,  even  though 


the  top  portion  of  the  layer  is  twin-free.  The  x-ray 
double  crystal  rocking  curve  (DCRC)  is  also  per¬ 
formed  on  this  layer.  The  full  width  at  half  maximum 
(FWHM)  of  the  rocking  curve  is  140  arc-s  which,  to  our 
knowledge,  represents  the  best  CdTe(lll)B  layer 
grown  directly  on  Si(OOl).  Similar  microtwinning 
evolution  is  also  observed  by  A.  Hobbs  et  al.  on  the 
CdTe(lll)B  grown  by  hot  wall  epitaxy  (HWE)  on 
GaAsdlDB.®  In  that  case,  the  lamellar  twins  stop  at 
about  6  pm  from  the  interface  and  give  way  to  a  sixfold 
symmetric  pattern  of  twinned  sectors  found  at  the 
layer  surface.  They  attribute  such  a  microtwinning 
evolution  to  the  curvature  growth  front  which  pro- 
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duces  a  series  of  surface  steps  in  the  radiant  direction. 
In  the  case  of  CdTe(lll)B  on  Si(OOl),  however,  we  do 
not  observe  such  a  symmetric  twinned  sector  on  the 
layer  surface.  The  twin  content  on  the  CdTe(lll)B 
surface  is  uniformly  distributed  over  the  whole  wafer. 
The  thickness  of  the  layer  is  also  very  uniform  over 
the  whole  wafer.  Therefore,  the  diminishing  of  the 
lamellar  twins  in  CdTe(lll)B  layer  grown  on  Si(OOl) 
cannot  be  explained  by  the  argument  which  seems  to 
explain  the  development  of  microtwinning  in  the 
CdTe(lll)B  grown  by  HWE  on  GaAs(lll)B. 

Based  on  our  experimental  results,  we  have  de- 
veloped  a  model  which  may  explain  the  development 
of  the  microtwinning  in  CdTe(  1 1 1)B  grown  on  Si(00 1) 
by  MBE.  Since  the  twin  content  is  very  sensitive  to  the 
substrate  tilt  direction  which  in  turn  determines  the 
Si(OOl)  surface  step  structure,  the  surface  structure 
of  the  substrate  must  play  some  role  in  suppressing 
the  microtwinning  in  CdTe(lll)B  layers.  Figures  8a 
and  8b  show  schematic  surface  structure  of  mis¬ 
oriented  Si(OOl)  with  (|)  =  0  and  ([)  >  0,  respectively.  The 
only  difference  is  the  dense  kinks  which  are  intro¬ 
duced  when  Si(OOl)  is  tilted  toward  a  direction  away 
from  [110]. 

In  Fig.  8a,  Si(OOl)  is  tilted  toward  [110].  The  step 
edge  is  rather  flat,  except  for  some  thermally  excited 
random  kinks.  Still  the  symmetry  relative  to  (110) 
plane  remains  on  such  a  surface.  Therefore, 
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CdTe(lll)B  layer  has  equal  probability  to  be  groym 
with  its  [112]  aligned  with  either  one  of  Si<l  10> 
axes,  which  leads  to  the  formation  of  twins. 

In  Fig.  8b,  the  Si(OOl)  is  tilted  toward  a  direction 
with  (j)  value  significantly  greater  than  zero.  The  same 
kind  of  dense  kinks  are  introduced  at  the  step  edges, 
which,  as  a  consequence,  destroys  the  symmetry  of 
the  Si(OOl)  surface  structure  relative  to  UlO)  plane. 
Therefore,  CdTe(lll)B  layerjias  an  unequal  prpb- 
abilityto  be  grown  with  it  s  [  1 1 2  ]  aligned  with  Si[  1 1 0] 
or  Si[  1 10].  In  fact,  there  is  ^preferential  orientation 
of  the  CdTe[ll  2  ]  along  Si[l  1  O^axis.  Such  a  preferen¬ 
tial  orientation  of  the  CdTe[ll  2  ]  has  been  confirmed 
by  our  experimental  observation.  We  have  measured 
numerous  CdTe(lll)B  layers  with^x-ray  diffraction. 
With  no  exception,  the  CdTe[112]  axis  is  always 
aligned  with  Si[l  10],  as  shown  in  Fig.  8b.  Even  for  a 
twinned  CdTe(lll)B  layer,  th^  domain  of  the 
CdTedlDB  with  its  [112]  llSi[l  10]  always  gives 
large  (422)  x-ray  diffraction  intensity.  In  other  wor(k, 
the  CdTe(  1 1 1)B  layers  tend  to  be  grown  with  its  [11 2  ] 
aligned  with  Si[l  1 0]  or  upward  direction  of  the  steps 
running  along  the  Si[l  10].  Whei^the  substrate  tilt 
direction  is  reversed,  the  CdTe[ll  2  ]  is  also  reversed. 
Therefore,  the  kinks  on  the  Si(OOl)  surface  do  induce 
the  preferential  growth  of  CdTe(lll)B,  which  can 
effectively  prevent  the  formation  of  massive  double¬ 
positioning  twins  at  the  interface  as  well  as  inside  the 


Si  [110]  [110]  Si  [110]=^  <=[110] 

Fig.  8.  Schematic  step  structure  of  Si(001)  surface,  (a)  Si(001 )  is  tilted  toward  [110],  (b)  Si(OOI)  is  tilted  toward  a  direction  rotated  from  [110]  by 
an  angle  (b,  and  orientation  of  CdTe(1 1 1  )B  grown  on  such  Si(001 )  substrate  is  also  shown  in  up-right  corner. 
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Fig.  9.  Twin  content  of  CdTe(1 1 1  )B  iayers  vs  the  layer  thickness  with 
three  sets  of  tiit  parameters. 
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Fig.  10.  Schematic  cross-section  illustration  of  evolution  of  twin 
structure  in  CdTe(1 11  )B  layers  (for  details  see  text). 

CdTe  layer.  However,  the  microtwinning  can  happen 
in  the  other  type  of  twin,  namely  lamellar  twins.  Since 
the  lamellar  twin  boundary  preserves  the  bonding 
between  Cd  and  Te  as  shown  in  Fig.  1,  we  can  expect 
the  formation  energy  for  a  lamellar  twin  is  very  small. 
After  the  CdTe(lll)B  is  initiated  on  the  Si(OOl)  sub¬ 
strate,  there  is  still  a  finite  probability  to  form  the 
lamellar  twins. 

For  the  CdTe/Si  system,  the  huge  lattice  mis¬ 
matches  both  in  horizontal  and  vertical  directions 
make  the  initial  growth  of  CdTe(lll)B  especially 
turbulent.  In  other  words,  the  system  is  in  a  very 
energetic  state.  Therefore,  it  is  not  surprising  to  see 
the  dense  lamellar  twins  crowded  in  the  region  close 
to  the  interface.  As  the  layer  thickness  increases,  the 
strain  caused  by  the  lattice  mismatches  is  being 
relaxed.  The  growth  of  CdTe(lll)B  is  approaching 
the  equilibrium  state.  The  tendency  to  form  lamellar 
twins  is  diminishing.  This  was  also  observed  by  our 
experiments.  We  have  measured  by  x-ray  diffraction 
the  twin  content  of  CdTe(lll)B  layers,  grown  on 
misoriented  Si(OOl),  with  different  layer  thicknesses. 


We  found  that  twin  content  decreases  steadily  as  the 
layer  thickness  increases,  when  the  layers  are  grown 
on  the  Si(OOl)  with  (j)  greater  than  zero.  On  the  other 
hand,  the  twin  content  virtually  remains  constant  as 
the  layer  thickness  increases,  when  the  layers  are 
grown  on  Si(OOl)  tilted  toward  [110].  The  results  are 
shown  in  Fig.  9 .  Another  important  fact  is  the  preferen¬ 
tial  orientation  of  CdTe[112]  axis.  Experimentally, 
we  have  foimd  the  CdTe(lll)B  preserves  the  tilt  of 
Si(OOl)  substrate.  That  means  that  the  CdTe(lll)B 
has  the  similar  step  structure  to  that  of  the 
misoriented  Si(OOl).  Therefore,  one  domain_of  the 
CdTe(lll)B,  with  its  [11 2  ]  aligned  with  Si[l  10]  has 
higher  probability  to  be  grown  than  its  twin  counter¬ 
part.  Above  are  mentioned  two  factors  which  will 
enhance  the  suppression  of  the  formation  ofthe  lamel¬ 
lar  twins.  At  a  certaii^point,  the  domain  with  its 
[112]  aligned  with  Si[l  1 0]  completely  dominates  the 
CdTe(lll)B  growth,  and  the  twin-free  layer  is  estab¬ 
lished. 

Under  such  a  model,  a  twin-free  CdTe(lll)B  layer 
can  be  divided  into  three  regions,  as  shown  in  Fig.  10. 
In  region  I,  heavily  lamellar  twinning  is  presented 
due  to  turbulent  initial  growth  of  CdTe(lll)B  on 
Si(OOl).  The  typical  thickness  of  this  region  is  about  2 
to  3  pm.  In  region  II,  only  a  few  scattering  lamellar 
twins  are  presented.  The  suppression  of  twin  is  attrib¬ 
uted  to  the  preferential  orientation  of  CdTe[ll  2  ]  axis 
and  relaxation  of  crystal  lattice.  The  typical  thickness 
ofthe  region  is  about  2  to  4  pm.  Finally,  in  region  III, 
twin-free  layer  is  oMained  as  the  domain  of  CdTe(  1 1 1)B 
layer  with  its  [11 2]  axis  aligned  with  Si[l  10]  com¬ 
pletely  dominates  the  growth.  It  is  also  interesting  to 
note  that  a  fully  twinned  layer  is  obtained  when 
substrate  tilt  direction  is  approaching  [100]  ((|)=  45°). 
This  is  understandable  when  we  notice  that  Si(OOl) 
surface  regains  its  90°  rotation  symmetry.  Then  the 
as-grown  CdTe(lll)B  layer  is  plagued  by  double¬ 
domain  defect  as  well  as  twins.  Therefore,  substrate 
tilt  direction  must  be  carefully  chosen  so  that  a  twin- 
free  layer  can  be  obtained. 

For  CdTe(  1 1 1)B  layers  grown  on  misoriented  Si(00 1) 
with  <1)  =  0,  the  results  are  quite  different.  Although 
the  system  is  being  relaxed  as  the  layer  thickness 
increases,  the  lamellar  twins  are  still  likely  to  happen 
since  there  is  no  preferential  orientation  of  the 
CdTe[112]  axis.  That  is  what  we  observed  in  our 
experiments.  When  Si(001)  substrate  is  tilted  toward 
[110],  even  with  tilt  angle  as  large  as  4°,  a  twinned 
CdTe(lll)B  layer  is  always  obtained.  It  is  also  inter¬ 
esting  to  note  that  the  substrate  tilt  angle  plays  little 
role  in  suppressing  the  microtwinning. 

It  is  so  even  for  the  substrate  with  (|)  greater  than 
zero.  As  we  pointed  out  in  our  previous  publication,^ 
the  step  density  on  the  surface  is  large  for  large  tilt 
angle.  Since  at  the  step  edge  CdTe(lll)B  lattice 
suffers  from  huge  distortion  due  to  the  large  vertical 
lattice  mismatch  between  the  two  materials,  it  is,  in 
general,  more  difficult  for  the  system  to  recover  from 
such  large  distortion.  As  a  result,  it  is  easier  to 
stimulate  the  formation  of  the  lamellar  twins. 
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CONCLUSIONS 

We  have  reported  that  twin-free  CdTe(  1 1 1)B  layers 
can  be  grown  on  misoriented  Si(OOl).  Suppression  of 
twin  formation  is  very  sensitive  to  the  substrate  tilt 
direction  ((})).  Twinned  layers  are  obtained  when  cj) 
value  is  about  0  or  45°.  Twin-free  layers  are  obtained 
when  (j)  is  around  30  to  36°.  The  microtwins  inside  the 
CdTe(lll)B  layer  are  overwhelmingly  dominated  by 
the  lamellar  twins.  Dense  lamellar  twins  are  always 
found  in  the  region  close  to  CdTe/Si  interface.  For  a 
twin-free  layer  density  of  lamellar  twin  diminishes 
very  fast  as  the  layer  thickness  increases.  Then  a 
twin-free  layer  is  established  on  such  a  twinned 
region.  The  major  motive  forces  for  suppression  of 
twins  are  the  preferential  orientation  of  the  CdTe 
[112]  axis,  which  is  introduced  when  the  substrate  is 
tilted  toward  a  direction  with  ([)  significantly  greater 
than  zero,  and  the  lattice  relaxation  as  the  layer 
thickness  increases. 
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Results  of  large-area  (up  to  1000  cmVrun)  Cd^_^Zn^Te  heteroepitaxy  on  both 
GaAs  and  GaAs/Si  substrates  by  metalorganic  chemical  vapor  deposition 
(MOCVD)  are  presented.  Cd^  ^Zn^Te  (x  =  0-0.1)  films  exhibited  specular  surface 
morphology,  1%  thickness  uniformity  (standard  deviation),  and  compositional 
uniformity  (Ax)  of  ±0.002  over  100  mm  diam  substrates.  For  selected  substrate 
orientations  and  deposition  conditions,  the  only  planar  defects  exhibited  by 
(lll)B  Cd^  ^Zn,^Te/GaAs/Si  films  were  lamella  twins  parallel  to  the  CdTe/GaAs 
interface;  these  do  not  propagate  through  either  the  Cd^  ^Zn^Te  layer  or  subse¬ 
quently  deposited  liquid  phase  epitaxy  (LPE)  HgCdTe  layer(s).  Background  Ga 
and  As-impurity  levels  for  Cdi_^Zn^Te  on  GaAs/Si  substrates  were  below  the 
secondary  ion  mass  spectroscopy  detection  limit.  Preliminary  results  of  HgCdTe 
liquid  phase  epitaxy  using  a  Te-rich  melt  on  Si-based  substrates  resulted  in  x- 
ray  rocking  curve  linewidths  as  narrow  as  72  arc-sec  and  etch-pit  densities  in  the 
range  1  to  3  x  10®  cm^. 

Key  words:  CdZnTe/GaAs,  CdZnTe/GaAs/Si,  GaAs/Si,  CdZnTe, 
heteroepitaxy,  HgCdTe,  liquid  phase  epitaxy  (LPE), 
metalorganic  chemical  vapor  deposition  (MOCVD) 


INTRODUCTION 

The  growth  of  heteroepitaxial  Cd^_^Zn^Te  on  sap¬ 
phire,  GaAs,  and  Si-based  alternative  substrates  has 
attracted  significant  interest  in  recent  years  due  to  its 
potential  for  the  fabrication  of  large-area  HgCdTe 
infrared  focal  plane  arrays  (IRFPAs).^-^®  To  date,  the 
best  IRFPAs  are  fabricated  using  liquid  phase  epit¬ 
axy  (LPE)  on  bulk  Cdj_^Zn^Te  substrates. However, 
Si-based  substrates  have  several  advantages  over 
these  including  availability  in  large  diameters  at 
lower  cost,  higher  mechanical  strength,  thermal  expan¬ 
sion  match  to  Si-readout  circuitry,  and  the  prospect 
for  monolithic  integration  of  IRFPAs  with  Si-based 
integrated  circuits  (ICs).  Successful  deposition  of 
Cdj_^Zn^Te  on  GaAs  and  Si-based  substrates  has  been 


(Received  November  1,  1993;  revised  October  1,  1994) 


demonstrated  using  metalorganic  chemical  vapor 
deposition  (MOCVD),*^'®  hot  wall  epitaxy,^  atomic  layer 
epitaxy,®’®  and  molecular  beam  epitaxy  (MBE).^  The 
main  hindrances  to  the  progress  of  this  alternative 
substrate  technology  are  the  high  density  of  defects 
(5  X  10®  to  1 X 10”^  cm~^)  resulting  from  the  large  lattice 
mismatch  between  CdZnTe  and  Si,  and  the  thermal- 
expansion-coefficient  mismatch  which  leaves  the 
heteroepitaxial  film  under  a  residual  bi-axial  tensile 
stress.  For  this  technology  to  reach  its  desired  goals, 
large  area  Cd^_^Zn^Te  on  Si-based  substrates  with 
defect  densities  lower  by  one  to  two  orders  of  magni¬ 
tude  than  have  been  achieved  to  date  are  required. 

Although  high  defect  density  has  been  shown  to 
degrade  the  low-temperature  performance  of  IR-de- 
tectors,  respectable  high-temperature  performance 
has  been  reported  for  IRFPAs  fabricated  using  LPE- 
HgCdTe  on  MOCVD-Cdj_^Zn^Te/  GaAs/Si  alternative 
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substrates  Heteroepitaxy  of  [111]B  Cdj_jjZn^Te  on 
GaAs  and  Si-based  substrates  has  been  plagued  with 
a  high  density  of  twins^^’^®  which  propagated  into 
subsequently  deposited  LPE  films,  degrading  their 
properties.  This  prompted  researchers  to  develop 
LPE  of  HgCdTe  on  (100)  Cdi_^Zn^Te  where  twins  are 
unstable.  However,  recent  results  for  (lll)B  CdTe- 
on-sapphire  showed  that  twin  formation  can  be  sup¬ 
pressed  by  proper  selection  of  the  deposition  param¬ 
eters,  heat  treatment,  and  wafer  orientation.  In  this 
paper,  we  report  the  first  demonstration  of  large-area 
{18,75  mm  or  ten,  100  mm  wafers  per  run,  a  total  area 
of  1000  cm^)  MOCVD  of  Cdj_^Zn^Te  on  GaAs  and 
GaAs/Si  substrates  resulting  in  excellent  thickness 
and  compositional  imiformity.  We  also  report  initial 


Fig.  1 .  Spire’s  dual-chamberproduction-scale  SPI-MOCVDT^'’''  3000G 
reactor  for  lll-V  and  ll-VI  compounds. 


Fig.  2.  Thickness  uniformity  contour  map  for  (1 1 1 )  Cd,_„Zn„Te  depos¬ 
ited  on  a  100  mm  GaAs  wafers  in  SPI-MOCVD  3000G. 


results  for  LPE  of  HgCdTe  on  (lll)B  Cdj_jjZn^Te/ 
GaAs/Si  alternative  substrates. 

EXPERIMENTAL 

Large-area  MOCVD  of  (111)  Cdj.,,ZnJe  has  been 
achieved  on  (100)  GaAs  and  (100)  GaAs-on-Si  sub¬ 
strates  in  a  dual  chamber,  low-pressure  MOCVD 
reactor,  the  SPI-MOCVD^*^  3000G,  which  has  a  ca¬ 
pacity  of  up  to  18, 75  mm  wafers  or  ten,  100  mm  wafers 
per  nm.  Figure  1  shows  the  dual-chamber  reactor 
which  is  equipped  with  two  independent  gas  handling 
systems  for  the  separate  deposition  of  III-V  (e.g., 
GaAs)  and  II-VI  compounds  with  no  cross  contamina¬ 
tion.  The  GaAs-on-Si  films  were  deposited  using  the 
conventional  two-step  process,  reported  earlier, to 
thicknesses  in  the  range  of  0.5  to  2.5  p.m.  Dimethyl- 
cadmium  (DMCd),  dimethyltellurium  (DMTe),  and 
diethylzinc  (DEZn)  were  used  for  Cd,  Te,  and  Zn 
sources,  respectively.  In  a  t3rpical  deposition  ex¬ 
periment  for  [111]B  Cdj_,;ZnjjTe  on  GaAs/Si,  the  sub¬ 
strate  is  first  exposed  to  a  short  pre-growth  bake  to 
remove  the  native  oxide  and  provide  a  Ga-rich  sur¬ 
face.  This  is  followed  by  a  two-step  deposition  of 
CdZnTe  at  temperatures  in  the  range  390  to  450°C, 
reactor  pressures  in  the  range  300  to  650  Torr,  VI/II 
in  the  range  5  to  0.4,  and  a  growth  rate  in  the  range 
4  to  8 A/s. 

The  Cdj_jjZn^Te  films  were  characterized  using 
Nomarski  optical  microscopy  for  surface  morphology, 
optical  reflectance  spectroscopy  (ORS)^®  for  thickness 
measurement,  and  photoluminescence  (PL)  at  77K 
and  room  temperature  for  compositional  measure¬ 
ment  and  uniformity.  Secondary  ion  mass  spectros¬ 
copy  (SIMS)  was  used  for  impurity  level  determina¬ 
tion.  Double  crystal  x-ray  diffraction  (DXRD),  Laue  x- 
ray  back  reflection,  cross-sectional  transmission  elec¬ 
tron  microscopy  (XTEM),  and  selective-area  electron 
diffraction  (SAD)  were  used  for  structural  charac¬ 
terization  and  determination  of  film  orientation.  Cross- 
sectional  TEM  samples  were  prepared  using  stan¬ 
dard  mechanical  thinning  followed  by  Ar+-ion  milling 
at  77K  to  achieve  foil  thicknesses  in  the  range  0.2  to 
0.5  pm.  Samples  were  examined  using  a  Hitachi-800 
TEM  operated  at  200  kV  acceleration  voltage. 

RESULTS  AND  DISCUSSION 

Successful  fabrication  of  Cdj  ^^Zn^Te  on  Si-based 
alternative  substrates  requires  addressing  the  fol¬ 
lowing  issues;  thickness  and  compositional  unifor- 


Table  I.  Thickness  Uniformity  Data  of  Cdi.^Zn^Te  Films  Grown  on  GaAs  Substrates 

Standard 

%  Standard 

Wafer  No. 

Size  (Inches) 

Average  (A) 

Range  (A) 

%  Range 

Deviation 

Deviation 

G26^77-l 

4 

42472 

1063 

±1,3 

330 

0.8 

G26-77-2 

3 

43358 

1698 

±2.0 

433 

1.0 

G26-77-3 

4 

42914 

1428 

±1,7 

443 

1.0 

G26-77-4 

4 

41997 

1494 

±1,8 

424 

1.0 

G26-77-5 

3 

42547 

978 

±1.1 

261 

0.6 

G26-77-6 

4 

42345 

1432 

±1.7 

427 

1.0 
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Fig.  3.  Wafer-to-wafer  thickness  uniformity  contour  map  for 
Cd^.^Zn^Te  films  grown  on  GaAs  substrates. 


mity,  background  impurity  level,  surface  morphoL 
ogy,  film  orientation,  and  defect  density.  In  this  pa¬ 
per,  we  discuss  these  issues  with  specific  emphasis  on 
the  (lll)B  orientation  of  Cdj_^Zn^Te. 

Thickness  and  Compositional  Uniformity  of 
Cd,ZnTe 

The  thickness  and  compositional  uniformity  of 
Cd^^^Zn^Te  films  grown  in  Spire's  production-scale, 
SPI-MOCVD  3000G  reactor  were  measured  on  75  and 
100  mm  diam  GaAs  wafers  oriented  2°  off  (100) 
[110].  The  GaAs  wafers  were  positioned  in  such  a  way 
that  uniformity  across  the  entire  susceptor  could  be 
mapped.  Thickness  uniformity  mapping  used  ORS,  a 
nondestructive  tool  that  can  reliably  measure 
Cd^^^Zn^Te/GaAs  film  thickness  with  an  accuracy  of 
±5  nm.  Thirteen-point  and  21-point  thickness  mea¬ 
surement  mapping  was  performed  on  75  and  100  mm 
wafers,  respectively.  Figure  2  shows  the  thickness 
uniformity  of  a  Cd^_^Zn^Te  film  on  a  100  mm  GaAs 
substrate.  Table  I  shows  thickness  uniformity  data 
for  all  the  wafers  in  a  six-wafer  growth  lot  which 
yielded  1%  standard  deviation  (see  Fig.  3). 

The  composition  of  Cd^_^Zn^Te  films  was  routinely 
estimated  using  77KPL,^®  and  was  found  to  be  in  good 
agreement  with  DXRD  measurements.  Room  tem¬ 
perature  PL  mapping  was  used  to  determine  compo¬ 
sitional  uniformity  of  Cd^_^Zn^Te  films  grown  on  100 
mm  GaAs  substrates.  These  measurements  were  done 
at  the  SC ANTEK company  in  France.  Line-scan  peak- 
wavelength  measurements  were  performed  at  42 
points  across  the  100  mm  wafer  and  composition 
variation  across  the  wafer  was  determined  by  con¬ 
verting  the  peak  wavelength  to  Cd^_^Zn^Te  composi¬ 
tion.  Figure  4  shows  typical  variation  of  the  peak 
wavelength  across  a  100  mm  Cdj_^Zn^Te/GaAs  wafer. 
Using  data  from  Fig.  4  and  the  calibration  given  in 
Ref.  11,  the  average  composition  is  0.027  and  ±0.002, 
respectively. 

Impurity  Level 

Ga  and  As  impurity  levels  in  CdZnTe  films  on  GaAs 
and  GaAs/Si  substrates  have  been  measured  by  SIMS. 
The  measurements  employed  an  O2+  beam  with  a  net 
impact  energy  of  8  keV  and  a  sputter  rate  of  9  nm/s. 
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Fig.  4.  Compositional  uniformity  mapping  across  100  mm  Cd^_^Zn^Te/ 
GaAs  using  high  resolution  photoluminescence. 


Fig.  5.  Secondary  ion  mass  spectroscopy  profile  for  Ga  impurity  level 
in  CdTe/GaAs/Si  structure. 


Figure  5  shows  the  Ga  concentration  as  a  function  of 
film  depth  for  a  6.5  |Lim  thick  CdTe/GaAs/Si  film.  The 
average  Ga  concentration  was  5  x  10^^  cm-^,  which  is 
approximately  the  SIMS  detection  limit.  No  arsenic 
was  detected  in  these  films  (the  As  detection  limit  is 
approximately  3  x  10^®  cm"^).  These  results  indicate 
that  Ga  and  As  diffusion  at  our  baseline  growth 
conditions  is  very  limited.  We  have  not  observed  a 
significant  difference  in  impurity  levels  between  CdTe 
and  Cd^_^Zn^Te  films  on  GaAs  coated  Si  substrates. 
However,  the  Ga  impurity  level  in  CdTe  on  GaAs 
substrates  is  an  order  of  magnitude  higher,  which 
could  be  due  to  autodoping  from  the  GaAs  wafer. 

Surface  Morphology  and  Film  Orientation 

To  achieve  (lll)B  Cdj_^Zn^Te  films  with  the  im- 
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proved  surface  morphology  and  reduced  defect  den-  tion  measurements  and  confirmed  by  SAD  patterns 

sity  that  are  needed  for  LPE  of  HgCdTe,  we  have  on  XTEM  samples.  The  accuracy  of  Laue  x-ray  back 

investigated  a  munber  of  Si  and  GaAs  wafer  orienta-  reflection  measurements  is  ±0.5°.  The  dependence  of 

tions  and  deposition  conditions.  The  GaAs  wafer  Cd^  ^^Zn^^Te  film  orientation  on  that  of  the  starting 

orientations  investigated  were  exact  (100)  and  2°  off  substrate  is  summarized  in  Table  II. 

(100)towardthe[110],whiletheSiwaferorientations  For  wafers  misoriented  off  the  (100)  Si  toward  the 

investigated  were  0,  2,  4,  7,  and  10°  off  (100)  toward  [111]  Si  pole,  Cd,_^Zn^Te  films  were  found  to  be 

the  [111].  For  the  initial  screening  experiments,  1  pm  misoriented  off  the  CdTe  (lll)B  direction  toward  the 

thick  GaAs-on-Si  films  with  typical  x-ray  rocking  same[lll]Sipole.Thedegreeofmisorientationofthe 

curve  FWHM  in  the  range  200  to  400  arc-sec  and  Cd^.^Zn^Te  film  offthe  (111)  Cdj^^Zn^Te  direction  was 

surface  roughness  of  ±30  nm  were  used.  The  deposi-  greater  than  that  of  the  Si  substrate  siirface  normal 

tion  parameters  for  optimal  compositional  and  thick-  off  the  (100)  Si  direction.  Moreover,  CdTe  films  depos- 

ness  uniformity  of  Cdi_^Zn^Te  (x  =  0.04)  on  GaAs  were  ited  on  direct  (100)  GaAs  had  an  exact  (111)  orienta- 

initially  used,  although  the  VI/II  ratio  had  to  be  tion.  Finally,  Cd^_^Zn^Te  films  deposited  on  2°  off 

optimized  for  each  orientation  to  achieve  specular  (100)  toward  [110]  GaAs  were  misoriented  by  the 

surface  morphology.  Figure  6  shows  tj^ical  surface  same  degree  off  the  (lll)B  Cdj  ^^Zn^Te  toward  the 

morphology  for  5-10  pm  thick  films  grown  on  GaAs  [110]  GaAs. 

and  GaAs/Si  substrates  of  various  orientations.  In  Cross-sectional  TEM  was  used  to  investigate  the 

general,  all  films  exhibited  specular  mirror-like  sur-  effect  of  substrate  misorientation  on  defect  formation 

face  morphology.  Films  deposited  on  substrates  with  and  twin  propagation.  By  adjusting  growth  condi- 

low  off-axis  misorientation  (<2°)  had  smoother  sur-  tions,  similar  defect  features  have  been  observed  in 

faces,  while  those  deposited  on  substrates  with  higher  Cdj_^Zn^Te  films  deposited  on  Si  substrates  oriented 

off-axis  misorientation  (up  to  10°)  had  regular  fine  2, 4,  and  7°  off  (100)  toward  the  [111].  Figure  7  shows 

features  that  were  stable  as  a  function  of  film  thick-  a  typical  XTEM  bright  field  image  (g  =  220)  for  CdTe/ 

ness.  GaAs/Si  2°  off  (100)  toward  [111].  These  measure- 

The  orientation  of  the  heteroepitaxial  Cd^.^Zn^Te  ments  clearly  indicate  that  thin  lamella  twins  exist 

films  was  determined  using  Lau6  x-ray  back  reflec-  parallel  to  the  CdTe/GaAs  interface.  The  twins  form 
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Table  II,  Dependence  of  Cdj_j^Zn^Te 

Film  Orientation  on  GaAs  and  GaAs/Si  Substrate  Misorientation 

Sample  No. 

Structure 

Substrate  Orientation 
(Laue) 

Cdj^Zn^Te 

Film  Orientation 

G26-0035-4 

CdTe/GaAs/Si 

(100)  off2°-^[lll] 

(111)  off3°->[lll]Si 

G26-0027-2 

CdTe/GaAs/Si 

(100)  off  4° -4  [111] 

(111)  off5°-^[lll]Si 

G26-0035-2 

CdTe/GaAs/Si 

(100)  off  7° ->  [111] 

(111)  off  9°  ^  [lll]Si 

G26-0091-5 

CdTe/GaAs/Si 

(100)  off  10° -4  [111] 

(lll)oflfl2°^[lll]Si 

G26-0006-1 

CdTe/GaAs 

exact  (100) 

exact  (111) 

G26-0013-1 

CdTe/GaAs 

(100)  off  2°  ^  [110] 

(111)  off  2°  ->  [110]Si 

C26-0064-2 

Cd  j_j,ZnjjTe/  GaAs 

(100)  off  2° [110] 

(111)  off  2°  [110]Si 

in  the  early  stages  of  growth  and  are  confined  near  the 
CdTe/GaAs  interface.  Further,  these  twins  seem  to 
block  the  propagation  of  threading  dislocations  into 
the  epitaxial  layer.  Figure  8  shows  an  XTEM  for 
CdTe/GaAs/Si  4°  off  (100)  toward  [111];  the  inset 
electron  diffraction  (SAD)  pattern  close  to  the  CdTe/ 
GaAs  interface  shows  the  extra  diffraction  spots  due 
to  the  presence  of  twins  near  the  interface,  while  the 
SAD  pattern  near  the  surface  shows  that  the  film  is 
twin-free.  Further  deposition  and  characterization  by 
etch-pit  measurements  of  the  HgCdTe  films  by  LPE 
on  these  substrates  showed  that  the  twins  do  not 
propagate  into  the  HgCdTe  film. 

Figure  9  is  a  XTEM  bright  field  image  (g  =  220)  of 
(lll)B  Cd,„^Zn^Te  (x  =  0.03)/CdTe/GaAs  (100)  off  2°  ^ 
[110].  This  orientation  is  of  special  interest  since  no 
twinning  has  been  observed  by  TEM.  The  same  depo¬ 
sition  conditions  were  used  to  grow  6.7  pm  thick 
Cdj_^Zn^Te  on  100  mm  GaAs  of  the  same  orientation 
(sarnple*  G26-0088,  Table  III).  X-ray  analysis  on  this 
wafer  by  RockwelP^  indicated  that  twinning  is  below 
the  detection  limit  (<  1%).  Another  interesting  feature 
of  Fig.  9  is  the  bending  of  dislocations  at  the 
Cdi_^Zn^Te/CdTe  interface,  suggestingthat  a  Cdi_^Zn^Te 
strained  layer  can  effectively  reduce  the  dislocation 
density  in  the  film. 

LPE  of  HgCdTe/Cdi_^Zn^Te/GaAs/Si 

Preliminary  results  of  HgCdTe  deposition  on  ( 1 1 1)B 
CdZnTe/GaAs/Si  substrates  using  Te-rich  LPE  slider 
are  very  promising.  Figure  10  compares  the  surface 
morphologies  of  GaAs/Si,  Cd^  ^Zn^Te/GaAs/Si,  and 
LPE  HgCdTe/CdTe/  GaAs/Si.  The  morphology  of  the 
GaAs/Si  film  is  typical  for  a  1  pm  film,  corresponding 
to  a  surface  roughness  of  approximately  ±30  nm.  In 
comparison,  typical  surface  roughnesses  for  CdTe  (6 
pm  thick),  Cdi_^Zn^Te  (6  pm  thick),  and  HgCdTe  (20 
pm  thick)  films  on  these  GaAs/Si  substrates  are  65, 
60,  and  900  nm,  respectively.  The  HgCdTe  film 
(AS002R)  is  approximately  46  pm  thick,  as  measured 
by  FTIR,  and  is  characterized  by  a  wavy,  cross- 
hatched  surface. 

Table  III  shows  the  x-ray  rocking  curve  charac¬ 
teristics,  film  thickness,  and  cut-on  wavelength  for 
HgCdTe  deposited  on  both  CdTe/GaAs/Si  and 
Cd^  ^Zn^Te/GaAs/Si  substrates.  All  of  the  HgCdTe 
results  reported  here  are  on  ( 1 1 1)  CdZnTe  on  GaAs  on 
Si  (100)  off  4°  ^  [111].  Defect  densities  in  the  LPE 


1  pm 


Fig.  7.  Cross-sectional  TEM  of  (1 11)  oriented  CdTe  films  on  GaAs/Si 
substrate  with  (100)  off  2°  ->[111]  misorlentation. 


Fig.  8.  Cross-sectional  TEM  of  (1 1 1)  oriented  CdTe  films  on  GaAs/Si 
substrate  with  (100)  off  4°  ->  [111]  m  iso  dentation.  Insets  show 
selected  area  electron  diffraction  (SAD)  pattern  taken  near  CdTe/ 
GaAs  interface  and  at  CdTe  film. 

HgCdTe  films  have  been  measured,  using  the  re¬ 
cently  reported  etchant  by  1.  Hahnert  and  M.  Schenk,^'^ 
and  found  to  be  in  the  range  1  to  3  x  10®  cm”^.  Latest 
results  indicate  that  specular  HgCdTe  surface  mor¬ 
phologies  are  achievable  for  selected  Si-wafer  orien¬ 
tations  and  Cdj_^Zn^Te/GaAs/Si  growth  conditions. 
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Effects  of  misorientation  off  the  ( 1 1 1)B  axis  on  surface 
morphology,  crystalline  perfection,  and  electrical  prop¬ 
erties  of  LPE-HgCdTe  films  are  currently  under  in¬ 
vestigation.  The  narrowest  x-ray  rocking  curve  FWHM 
achieved  to  date  is  72  arc-sec  for  sample  AS007R,  a 
19.5  pm  HgCdTe  film  (cut-on  wavelength  of  6.5  pm), 
deposited  on  CdTe/GaAs/Si. 


Fig.  9.  Cross-sectional  TEM  of  (111)  oriented  CdTe  films  on  GaAs 
substrate  with  misorientation  (100)  off  2°  [1 10]  showing  no  twins. 


CONCLUSIONS 

We  have  demonstrated  large-area  uniform  MOCVD 
of  Cdi_^Zn^Te  with  excellent  thickness  and  composi¬ 
tional  uniformity  in  a  production  scale  SPI-MOCVD 
3000G  reactor.  It  has  further  been  shown  that  (lll)B 
Cdj_  Zn  Te/GaAs/Si  alternative  substrates  are  suit¬ 
able  for  LPE,  MOCVD,  or  MBE  deposition  of  HgCdTe. 
Specular  morphology  of  CdZnTe  films  on  GaAs  and 
GaAs-on-Si  substrates  has  been  achieved.  For  opti¬ 
mized  deposition  conditions,  thickness  uniformity  in 
the  range  0.6  to  0.8%  is  typical  for  growths  on  multiple 
three  and  four  inch  diameter  wafers  per  run.  A  1% 
standard  deviation  wafer-to-wafer  thickness  uni¬ 
formity  is  obtained  for  Cdj_^Zn^Te/GaAs  (x  =  0.04) 
over  the  entire  susceptor.  Typical  composition  unifor¬ 
mity  of  Ax  =  ±0.002  across  a  100  mm  substrate  has 
been  achieved  for  Cd^_^Zn^Te  in  the  production  scale 
reactor.  Secondary  ion  mass  spectroscopy  shows  that 
Ga  and  As  impurities  are  below  the  detection  limit 
(5  X  10^^  cm~^)  in  films  deposited  on  GaAs-on-Si  sub¬ 
strates.  For  selected  wafer  orientations  and  deposi¬ 
tion  conditions,  transmission  electron  microscopy 


Table  III.  Typical  X-Ray  FWHM  for  CdZnTe  and  HgCdTe  of  Different  Thicknesses 


Wafer  ID  No. 

Structure 

CdZnTe  MOCVD 
Growth  Temp  (°C) 

Cut-On 

X(^m) 

Thickness 

(|tm) 

X-Ray  FWHM 
(arc-sec) 

G26-073-1 

CdTe/GaAs 

420 

— 

3.0 

144 

G26-0120-8 

CdTe/GaAs/Si 

420 

— 

4.9 

144 

AS002R 

HgCdTe/CdTe/GaAs/Si 

— 

8.3 

46 

86 

AS007R 

HgCdTe/CdTe/GaAs/Si 

— 

6,5 

19.5 

72 

G26-088-7 

Cd^  ^Zn^Te/GaAs 

420 

— 

6.7 

135 

G26-0121-7 

Cd,  ZnTe/GaAs/Si 

420 

— 

9.5 

237 

AS004R 

"HgCdTe/ 
Cd^_^Zn^Te/  GaAs/Si 

— 

6.7 

20 

100 

Note:  GaAs  wafer  orientation:  2°  off  (100)  toward  [110];  Si  wafer  orientation:  4°  off  (100)  toward  [111]. 


MOCVD  (100) 

GaAs  on  Si 

MOCVD  (1 11  )B 

Cd  1  -xZPxTe/ GaAs/ Si , 

X  =  0.04 

LPE 

Hg  1  -xCd  xTe/ CdTe/ GaAs/ Si , 
x  =  0.22 

50  \im 

Fig.  10.  A  comparison  of  the  surface  morphology  for  GaAs  on  Si,  Cd^_j(Znj^Te/GaAs/Si  and  HgCdTe/Cd^_jjZnj^Te/GaAs!Si.  The  Si-substrate 
orientation  is  (100)  off  4°  [1 1 1]. 


Large  Area  Deposition  of  C(i^_^Zn^Te  on 
GaAs  and  Si  Substrates  by  MOCVD 


489 


shows  that  only  lamella  twins  parallel  to  the  CdTe/ 
GaAs  interface  form,  while  inclined  twins  are  sup¬ 
pressed.  The  lamella  twins  do  not  propagate  through 
subsequently  deposited  LPE  HgCdTe  layer(s).  The 
surface  morphology  of  these  films  is  comparable  to 
LPE  HgCdTe  films  deposited  on  bulk  Cd^_^Zn^Te 
substrates.  Etch-pit  density  measured  for  as-depos¬ 
ited  Te-rich  LPE-HgCdTe  films  on  [1 1 1]B  Cd,_^Zn  Je/ 
GaAs/Si  is  typically  in  the  range  1  to  3  x  10®  cm-^. 
Metalorganic  chemical  vapor  deposition  of  Cd^  ^Zn^Te 
on  GaAs  on  Si  promises  low-cost  production  of  alter¬ 
native  substrates  to  the  IRFPA  community. 
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The  electric  conductivity  of  indium-doped  cadmium  telluride  (CdTe)  in  the 
temperature  range  600-1080°C  was  163  to  1203  Q-^m-^.  In-situ  monitoring  of 
vertical  Bridgman-Stockbarger  growth  showed  an  unexpected  step  change  in 
the  voltage  response  vs  height.  Differential  thermal  analysis  of  CdTe  showed 
both  Cd  and  Te  melting  peaks  as  well  as  an  exothermic  reaction  above  790°C. 
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INTRODUCTION 

Cadmium  telluride  (CdTe)  is  a  semiconductor  ma¬ 
terial  that  belongs  to  the  family  derived  from  the 
group  IIA  and  VIB  elements.  Cadmium  telluride  has 
a  wide  range  of  applications  including  x-ray  and 
gamma-ray  detection,  electro  and  acousto-optic  modu¬ 
lation  and  as  a  substrate  for  the  growth  of  mercury 
cadmium  telluride,  an  infrared  detector  material. 
The  infrared  transmission  range  of  0.85-30  pm  and 
low  absorption  coefficient  makes  it  useful  in  the 
production  of  infrared  windows. 

Although  considerable  research  has  been  conducted 
over  the  past  30  years,  CdTe  growth  continues  to  be 
plagued  by  various  problems.  Twinning  is  the  most 
common  problem  cited  by  industrial  bulk  CdTe  grow¬ 
ers.  Dislocations,  precipitates,  voids  and  bubbles, 
impurities,  nonstoichiometry,  and  polycrystallinity 
are  also  commonly  cited  problems. 
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A  variety  of  techniques  have  been  tried  for  growing 
CdTe  crystals.  These  methods  include  growth  from 
solution,  vapor  and  near-stoichiometric  melt.  Growth 
from  the  melt,  via  the  Bridgman  method,  is  the  most 
popular  because  of  the  faster  growth  rates  and  the 
ability  to  produce  large  ingots.  Currently,  commercial 
CdTe  is  grown  by  the  vertical  Bridgman-Stockbarger 
(VBS)  and  horizontal  Bridgman  methods.  The  result¬ 
ing  ingots  typically  contain  several  grains,  twins,  and 
precipitates.  Considerable  post-growth  processing 
such  as  single  crystal  mining  and  annealing  must  be 
done  to  obtain  wafers  of  suitable  quality  and  proper 
orientation. 

The  VBS  technique  is  a  method  of  directional  solidi¬ 
fication  that  has  been  widely  used  to  grow  a  variety  of 
materials.  In  this  technique,  the  growth  charge  is 
sealed  in  a  fused  silica  ampoule  and  placed  in  the 
upper  portion  of  a  multi-zone  furnace.  The  growth 
charge  is  melted  and  translated  through  a  temperature 
gradient  created  by  a  higher  temperature  zone  on  top 
of  a  lower  temperature  zone. 
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Fig.  1 .  Experimental  setup  used  to  determine  the  electric  conductivity- 
temperature  relationship  for  indium  doped  CdTe. 


Fig.  2.  Schematic  of  vertical  Bridgman-Stockbarger  experimental 
setup  used  for  in  situ  eddy  current  growth  monitoring. 


There  are  a  few  large  problems  associated  with 
VBS  growth  of  cadmium  telluride.  Cadmium  tellu- 
ride  is  a  weakly  bonded  material  with  a  high  ionicity. 
The  weak  bonding  combined  with  thermo-mechanical 
stresses  which  can  be  induced  during  VBS  growth 
may  cause  a  large  number  of  associated  defects.  Some 
of  the  stresses  are  thought  to  arise  primarily  from 
adhesion  between  the  ampoule  and  crystal  combined 
with  differential  thermal  contraction.  Additional 
stresses  arise  from  the  non-constant  temperature  gra¬ 
dients  present  during  growth.  Contamination  origi¬ 
nating  in  the  ampoule  is  an  additional  problem  that  has 
been  difficult  to  quantify. 

Rosch^  identified  adhesion  between  the  ampoule 
and  crystal  as  the  major  source  of  stress  during  VBS 
growth.  Subsequent  work  by  Shetty,^  reduced  adhe¬ 
sion  by  coating  quartz  ampoules  with  pyrolytic  boron 
nitride. 


i/r(K-^) 

Fig.  4.  Electric  conductivity  of  indium  doped  CdTe  calculated  by  linear 
interpolation  from  a  952  silicon  standard. 


The  high  melting  point  and  vapor  pressure  of  CdTe 
require  complex  handling  methods.  Also,  the  high 
temperature  environment  of  a  VBS  furnace  combined 
with  the  coatings  used  on  the  fused  silica  ampoules 
limit  the  possible  process  monitoring  techniques.  Eddy 
current  techniques  provide  an  alternative  to  more 
standard  process  monitoring  methods. 

Eddy  current  diagnostics  is  an  electromagnetic 
technique  sensitive  to  changes  in  electric  conduc¬ 
tivity.  Eddy  current  measurements  are  nonde¬ 
structive,  noncontact,  and  remote.  They  can  be  ap¬ 
plied  where  more  conventional  methods  such  as  ther¬ 
mocouples  or  infrared  pyrometers  are  not  feasible. 
Eddy  current  signals  can  potentially  provide  informa¬ 
tion  on  a  wide  variety  of  growth  related  parameters. 
The  liquid-solid  interface,  segregation,  and  condensa¬ 
tion  are  features  capable  of  being  measured  by  this 
technique. 

In  this  study,  eddy  current  techniques  were  applied 
to  the  vertical  Bridgman-Stockbarger  growth  of  in¬ 
dium-doped  cadmium  telluride.  The  results  are  pre¬ 
sented  from  experiments  on  the  electric  conductivity- 
temperature  relationship,  in-situ  monitoring  of  verti¬ 
cal  Bridgman-Stockbarger  growth,  and  differential 
thermal  analysis  of  material  obtained  from  growth 
experiments. 

EDDY  CURRENT  MONITORING 
Basic  Eddy  Current  Principles 

The  basic  theory  behind  eddy  current  measure¬ 
ments  comes  from  the  electromagnetic  equations  for¬ 
malized  by  Maxwell.  Stefani^  explained  the  applica¬ 
tion  of  this  theory  to  eddy  current  measurements.  A 
sinusoidally  varying  voltage  is  applied  to  a  coil  to 
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create  a  var3dng  magnetic  field  within  the  coiL  This 
magnetic  field,  known  as  the  primary  field,  causes 
currents  to  flow  within  any  conductor  placed  in  the 
vicinity  of  the  coil.  These  currents  create  another 
magnetic  field.  This  magnetic  field,  known  as  the 
secondary  field,  modifies  the  primary  field.  The  amount 
by  which  the  original  field  is  modified  yields  informa¬ 
tion  on  the  electromagnetic  properties  of  the  conduc¬ 
tor.  The  modification  is  determined  by  monitoring  the 
induced  complex  voltages  in  a  sensor.  The  induced 
voltages  are  indicative  of  the  conductor's  electric 
conductivity  at  the  depth  at  which  the  current  was 
induced. 

Application  to  Crystal  Growth 

Stefani  et  al.,^  Choe  et  al.,^  and  Tien  et  al.^  con¬ 
ducted  a  variety  of  experiments  on  the  Czochralski 
growth  of  silicon.  Both  axial  and  radial  temperature 
profiles  were  calculated  from  the  electric  conductivity 
data  obtained  from  eddy  current  diagnostics.  The 
work  completed  in  these  studies  provided  an  excellent 
basis  for  the  application  of  eddy  current  diagnostics  to 
VBS  solidification  of  CdTe.  Many  of  the  techniques 
used  in  these  studies  were  directly  applicable  to  the 
VBS  process. 

EXPERIMENTS 

Three  different  experiments  were  conducted  dur¬ 
ing  the  course  of  this  study.  First,  a  series  of  solid 
state  experiments  were  conducted  to  determine  the 
variation  of  the  electric  conductivity  with  tempera¬ 
ture.  Then,  in-situ  monitoring  experiments  were  per¬ 
formed  during  VBS  solidification  of  indium-doped 
CdTe.  Finally,  a  differential  thermal  analysis  of  the 
material  grown  during  the  monitoring  experiments 
was  performed. 

Solid-State  Experiments 

In  order  to  determine  the  electric  conductivity- 
temperature  (a-T)  relationship  for  indium-doped  CdTe, 
a  24  mm  diameter  cylindrical  ingot  was  first  formed 
by  directional  solidification  in  a  vertical  Bridgman- 
Stockbarger  furnace.  The  first  and  last  to  freeze 
sections  were  removed  with  a  diamond  wire  saw.  The 
ingot  was  chemically  polished  in  a  5%  bromine-metha¬ 
nol  solution.  The  ampoule  was  evacuated  and  sealed 
in  a  24  X  27  mm  fused  silica  tube. 

A  pellet  of  99.999%  cadmium  was  placed  in  the 
vapor  space  above  the  ingot  prior  to  sealing.  This 
provided  an  overpressure  that  varied  with  tempera¬ 
ture  and  prevented  condensation.  This  ampoule  was 
placed  in  the  center  of  the  three-zone  isothermal 
horizontal  furnace  depicted  in  Fig.  1.  A  type  R 
thermocouple  along  with  a  35  mm  diameter,  single¬ 
turn,  parallel  feed  eddy  current  probe  was  inserted  in 
the  furnace  so  that  its  coil  encircled  the  ampoule. 

Prior  to  installing  the  cadmium  telluride  ampoule 
assembly,  a  scan  was  performed  along  a  25  mm 
diameter  silicon  crystal  with  an  electric  conductivity 
of  952  The  scan  was  performed  at  frequencies 

of  1, 11, 15,  and  19  MHz  which  were  also  used  for  the 


subsequent  CdTe  scans.  Since  there  was  no  prior 
work  with  eddy  current  signals  of  CdTe  over  the 
temperature  range  in  this  experiment,  a  wide  range 
was  selected.  The  signal  obtained  from  this  experi¬ 
ment  was  used  as  an  electric  conductivity  calibration 
standard. 

The  experiment  was  performed  by  first  adjusting 
the  furnace  zones  for  the  desired  temperature.  The 
thermocouple  and  sensor  assembly  was  then  scanned 
along  the  length  of  the  ampoule  to  verify  that  a 
constant  temperature  existed  across  the  ingot.  The 
eddy  current  monitor  was  zeroed  at  a  position  ap¬ 
proximately  3  cm  ahead  of  the  ingot.  A  scan  that 


Sensor  Position  (cm) 


Fig.  5.  Phase  angle  response  during  one  scan  along  an  indium  doped 
cadmium  telluride  growth  ampoule.  Regioni:  liquid;  region  2:  liquid- 
solid  transition. 


Growth  Time  (hrs) 


Fig.  6.  Growth  history  of  an  indium  doped  CdTe  ingot.  Region  1 :  heat¬ 
up  from  room  temperature;  region  2:  liquid;  region  3:  liquid-solid 
transition;  region  4:  solid;  region  5:  cool-down  to  room  temperature. 


TEMPERATURE  CO 

Fig.  7.  A  differential  thermal  aniaysis  curve  for  indium  doped  CdTe. 
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contained  550  data  points  was  then  performed  along 
the  length  of  the  ingot. 

Figure  3  shows  a  typical  scan  taken  at  1050''C  on 
which  the  vapor  space  and  ingot  regions  are  both 
indicated.  The  temperatures  were  incrementally  in¬ 
creased  from  600-1080°C  repeating  the  temperature 
verification  and  scanning  procedure  at  each  incre¬ 
ment.  The  same  procedures  were  then  performed  on 
cooling  from  1080-600°C. 

Monitoring  VBS  Solidification 

Continuous  scanning  of  a  52  mm  diameter  ingot  in 
a  VBS  furnace  was  carried  out  at  frequencies  of  0.35, 
0.9,  2.1,  and  3.5  MHz  using  the  apparatus  shown 
schematically  in  Fig,  2.  The  ampoules  were  first 
coated  with  either  carbon  or  boron  nitride  using  the 
process  developed  by  Shetty.^  Pre-compounded  CdTe 
doped  with  6  ppm  (atomic)  indium  was  chemically 
polished  in  a  5%  bromine-methanol  solution  for  2  min. 
The  ingot  was  broken  into  pieces  and  loaded  in  a  52 
mm  I.D.  X  55  mm  O.D.  ampoule.  The  ampoule  was 
then  flushed  three  times  with  ultra-high  purity  argon, 
evacuated  in  a  cryogenic  pump,  and  sealed  at  10^ 
Torr.  The  ampoule  was  then  placed  in  the  VBS  fur¬ 
nace  depicted  in  Fig.  6.  A  70  mm  diameter,  single¬ 
turn,  parallel  feed  eddy  current  probe  was  inserted 
from  the  top  of  the  furnace  as  indicated. 

The  furnace  control  program  and  probe  scanning 
were  started  simultaneously.  The  probe  automatically 
scanned  from  a  point  approximately  3  cm  above  the 
ampoule  to  a  position  1  cm  below  the  conical  tip  of  the 
ampoule.  The  ingots  were  solidified  with  a  furnace 
gradient  at  the  melting  point  (1092°C)  of  7°C/cm.  A 
furnace  translation  rate  of  2  mm/h  was  used.  The 
eddy  current  probe  scanned  the  axis  of  the  ampoule 
between  three  and  four  times  per  hour.  This  yielded 
approximately  400  scans  per  growth  experiment.  Each 
scan  contained  100  data  points  that  corresponded  to 
100  axial  sensor  locations.  A  representative  phase 
angle  response  from  one  scan  is  shown  in  Fig.  5.  The 
liquid  and  liquid-solid  transition  region  are  both 
indicated  in  the  plot. 

Differential  Thermal  Analysis 

A  differential  thermal  analysis  (DTA)  was  per¬ 
formed  on  the  indium  doped  CdTe  grown  as  a  result 
of  the  monitoring  experiments.  A  Perkin-Elmer  dif¬ 
ferential  thermal  analyzer  was  used  for  these  experi¬ 
ments.  A  3  mm  I.D.  x  5  mm  O.D.  fused  silica  ampoule 
was  first  coated  with  carbon  by  pyrolysis  of  methane. 
A  128  mg  sample  of  CdTe  was  cut  from  an  ingot  and 
chemically  polished  in  a  5%  bromine-methanol  solu¬ 
tion  for  2  min.  After  a  thorough  rinse  in  electronic 
grade  methanol,  the  sample  was  loaded  into  the 
ampoule.  The  ampoule  was  then  evacuated  to  greater 
than  10-®  Torr  and  sealed.  A  reference  sample  was 
fabricated  from  3x5  mm  fused  silica.  The  reference 
sample  was  also  coated  with  carbon  and  then  evacu¬ 
ated  and  sealed.  The  DTA  was  performed  over  the 
temperature  range  40-1085°C  with  a  heating  rate  of 
2.5°C/min. 


RESULTS  AND  DISCUSSION 

Electric  Conductivity-Temperature 
Relationship 

The  electric  conductivity  at  each  temperature  in¬ 
crement  was  calculated  by  a  linear  interpolation  from 
the  complex  voltages  obtained  on  the  952 
silicon  standard  at  1  MHz.  The  validity  of  this  calcu¬ 
lation  was  verified  by  calculating  the  expected  com¬ 
plex  voltages  at  1  MHz.  The  resulting  phase  angle  and 
amplitude  vs  electric  conductivity  curves  showed  lin¬ 
ear  relationships  for  the  geometries  and  frequency 
used  in  the  interpolation.  Therefore,  a  single  calibra¬ 
tion  point  was  adequate  for  the  interpolation. 

As  shown  in  Fig.  4,  the  electric  conductivity-tem¬ 
perature  data  depicts  a  complex  behavior.  The  straight 
line  is  a  schematic  representation  of  the  relationship 
for  a  perfect  intrinsic  semiconductor.  The  data  ob¬ 
tained  for  CdTe  contained  three  distinct  features. 
Two  transitions  occurred,  one  between  675  and  700°C 
and  another  between  1025  and  1050°C  on  both  heat¬ 
ing  and  cooling.  These  transitions  are  not  understood 
although  several  possible  explanations  have  been 
proposed.  The  transitions  may  indicate  a  p-n  conver¬ 
sion,  the  dissolution  of  tellurium  precipitates  into  the 
lattice  or  an  allotropic  phase  transition.  The  third 
feature  of  this  curve  is  the  sharp  drop  in  conductivity 
that  occurred  between  1050  and  1080°C.  This  has  not 
been  explained. 

In-Situ  Monitoring 

To  better  view  the  large  data  sets  obtained  from  the 
monitoring  experiments,  a  procedure  was  developed 
to  compile  and  extract  the  necessary  information. 
First,  the  individual  scans  were  appended  to  one  large 
data  file.  The  phase  angle  and  amplitude  signals  for 
fixed  axial  locations  along  the  ampoule  were  then 
extracted  from  the  data  file.  The  resulting  plot  pre¬ 
sented  in  Fig.  6  is  a  representation  of  the  entire 
growth  history  for  a  point  approximately  8  cm  below 
the  top  free  surface  of  CdTe  ingot.  The  heat-up  room 
temperature  liquid,  liquid-solid  transition,  solid,  and 
cool-down  regions  are  indicated. 

Two  step  changes  in  the  phase  angle  response 
occurred  between  65  and  80  h.  These  changes  were 
observed  on  experiments  performed  in  carbon  and 
boron  nitride  coated  ampoules.  The  corresponding 
temperature  range  for  this  axial  location  was  be¬ 
tween  1070  and  1050°C.  This  correlated  to  the  sharp 
drop  in  electric  conductivity  previously  discussed. 
While  these  step  changes  are  not  well  understood, 
they  may  indicate  an  allotropic  phase  transition  as 
previously  suggested  by  Triboulet®  and  Kendall.'^ 

Differential  Thermal  Analysis 

A  differential  thermal  analysis  was  performed  to 
test  for  the  possibility  of  an  allotropic  phase  transfor¬ 
mation  in  indium-doped  CdTe.  The  heating  curve 
from  a  differential  thermal  analysis  is  presented  in 
Fig.  7.  Two  endothermic  peaks  that  correspond  to  the 
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melting  points  of  Cd  (321.9^0  and  Te  (419.5°C)  ap¬ 
pear,  The  tellurium  peak  is  immediately  followed  by 
an  exothermic  peak  which  may  indicate  the  formation 
of  CdTe.  The  material  used  to  perform  the  analysis 
contained  Te  precipitates.  This  may  explain  the  pres¬ 
ence  of  a  Te  melting  endotherm.  Also,  CdTe  may  have 
evaporated  during  heating  and  separate  Cd  and  Te 
condensed  out  from  the  vapor  and  subsequently  re¬ 
acted.  The  exothermic  peak  indicated  at  approximately 
790°C  is  unexplained. 

CONCLUDING  REMARKS 

The  work  completed  to  date  raised  several  im¬ 
portant  questions.  The  presence  of  a  sharp  drop  in 
electric  conductivity  above  1050°C  coupled  with  the 
step  change  in  eddy  current  response  during  the 
actual  growth  may  have  indicated  an  allotropic  phase 
transformation.  The  differential  thermal  analysis  did 


not  confirm  the  existence  of  a  transformation.  More 
DTA  runs  are  required  to  further  explore  this  ques¬ 
tion. 
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Impurity  levels  were  tracked  through  the  stages  of  substrate  and  liquid  phase 
epitaxy  (LPE)  layer  processing  to  identify  sources  of  elements  which  degrade 
infrared  photodetector  performance.  Chemical  analysis  by  glow  discharge  mass 
spectrometry  and  Zeeman  corrected  graphite  furnace  atomic  absorption  effec¬ 
tively  showed  the  levels  of  impurities  introduced  into  CdZnTe  substrate  mate¬ 
rial  from  the  raw  materials  and  the  crystal  growth  processes.  A  new  purification 
process  (in  situ  distillation  zone  refining)  for  raw  materials  was  developed, 
resulting  in  improved  CdZnTe  substrate  purity.  Substrate  copper  contamina¬ 
tion  was  found  to  degrade  the  LPE  layer  and  device  electrical  properties,  in  the 
case  of  lightly  doped  HgCdTe.  Anomalous  HgCdTe  carrier  type  conversion  was 
correlated  to  certain  CdZnTe  and  CdTe  substrate  ingots. 

Key  words:  CdZnTe,  glow  discharge  mass  spectrometry  (GDMS),  HgCdTe, 
impurities,  infrared  detectors,  liquid  phase  epitaxy  (LPE), 
purification 


INTRODUCTION 

Epitaxial  films  of  HgCdTe  have  become  important 
for  the  fabrication  of  infrared  detector  focal  plane 
arrays  (FPAs).  Much  work  has  been  concentrated  on 
liquid  phase  epitaxial  (LPE)  growth  technology  using 
CdTe  and  CdZnTe  substrate  material.  CdZnTe  has 
the  advantage  of  lattice  matching  to  HgCdTe  and 
thus,  reduction  of  misfit  dislocations.  Various  sub¬ 
strate  properties  can  affect  the  quality  of  the  LPE 
HgCdTe  films  and  the  resulting  process  yield  greatly 
affects  the  economics  of  FPA  production.  In  order  to 
reduce  overall  production  costs,  effective  substrate 
screening  and  improved  substrate  yield  are  necessary. 
Since  the  purity  of  HgCdTe  is  critical  to  its  electrical 
properties,  the  effects  of  substrate  purity  have  re¬ 
ceived  considerable  attention.  The  electrical  prop- 
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erties  of  HgCdTe  result  from  the  net  effects  of  the 
active  impurities,  native  defects,  and  intrinsic  carri¬ 
ers.  Native  defects  (such  as  Hg  vacancies)  can  gener¬ 
ally  be  controlled  through  proper  growth  and  anneal¬ 
ing  conditions,  while  the  intrinsic  carrier  concentra¬ 
tion  is  determined  by  the  HgCdTe  composition 
(bandgap)  and  temperature.  Electrically  active  impu¬ 
rities  consist  of  intentional  and  unintentional  dopant 
elements.  In  order  to  meet  the  requirements  of  FPA 
production,  the  electrical  properties  must  achieve  a 
high  degree  of  uniformity  and  reproducibility.  Com¬ 
monly  desired  n-type  carrier  concentrations  (10^^- 
lO^Vcc)  require  consistently  low  levels  of  impurities  in 
the  HgCdTe  layers. 

Substrate  impurities  can  migrate  into  LPE  layers 
by  diffusion  (during  LPE  growth  or  post-growth  an¬ 
nealing)  or  through  melt  segregation  (resulting  from 
meltback  at  the  onset  of  LPE).  For  n-type  HgCdTe, 
acceptor  impurities  are  especially  problematic  be- 
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Table  I.  SIMS  and  GDMS  Sensitivity  Limits  in  HgCdTe 


Element 

SIMS  Detection 
Limit  (cm“®) 

GDMS  Detection 
Limit  (cm"®) 

Doping  Type 

Group 

Beam 

Li 

mid  E12 

low  E14 

P(Hg) 

I 

Na 

mid  E12 

low  E13 

P(Hg) 

I 

A1 

low  E13 

low  E13 

N(Hg) 

III 

In 

mid  E12 

mid  E 14 

N(Hg) 

III 

Mg 

low  E13 

low  E13 

— 

II 

Ca 

low  E13 

low  E14 

— 

II 

Fe 

midE15 

low  E13 

— 

VIII 

Ni 

high  E15 

low  E13 

— 

VIII 

Cs+  Beam 

Cu 

low  E16 

mid  E13 

P(Hg) 

I 

P 

low  E14 

low  E13 

P(Te) 

V 

Cl 

low  E15 

low  E13 

N(Te) 

VII 

Br 

high  E 13 

— 

N(Te) 

VII 

C 

low  E16 

low  E16 

— 

IV 

Si 

low  E15 

low  E13 

— 

IV 

0 

low  E16 

low  E16 

— 

VI 

S 

mid  E14 

high  E 13 

— 

VI 

Note:  These  limits  vary  by  about  a  factor  of  three  depending  on  the  sample  and  instrument  conditions. 


Fig.  1 .  Glow  discharge  mass  spectrometry  results  for  CdZnTe  control 
samples  measured  over  six  months  indicate  the  measurement  uncer¬ 
tainty.  Each  control  sample  was  cut  from  the  same  substrate. 


cause  they  compensate  the  intentional  dopant  (typi¬ 
cally  indium),  resulting  in  reduced  carrier  concentra¬ 
tion  and  mobility.  In  extreme  cases,  this  compensa¬ 
tion  effect  results  in  complete  carrier  type  conversion. 
Some  impurities  are  also  minority  carrier  lifetime 
^'killers”  which  reduce  photodetector  response.  In 
HgCdTe,  common  acceptor  impurities  are  from  group 
I  (Li,  Na,  K,  Cu,  Ag)  which  incorporate  on  the  metal 
lattice  sites  or  group  V  (N,  P,  As,  Sb)  which  incorpo¬ 
rate  on  the  tellurium  lattice  site.  Of  these,  the  Group 
I  elements  have  been  found  to  diffuse  readily  in 
Cd(Zn)Te  and  HgCdTe  at  elevated  growth  and  an¬ 
nealing  temperatures  and  might  be  expected  to  move 
from  the  substrate  into  the  LPE  layer  during  these 
processes.  For  this  reason,  they  merit  special  atten¬ 
tion.  In  particular,  copper  has  been  found  to  migrate 
from  substrate  material  into  MBE  grown  HgCdTe, 
producing  unacceptable  electrical  properties.^ 


The  work  presented  here  was  performed  as  part  of 
the  AKPA  sponsored  Infrared  Materials  Producibility 
(IRMP)  program.  The  IRMP  program  objective  is  to 
lower  the  cost  of  FPA  production  by  improving  sub¬ 
strate  quality  and  yield.  The  program  is  based  on  an 
industrial  partnership  between  end  users  [Loral  In¬ 
frared  &  Imaging  Systems  (LIRIS)  and  Texas  Instru¬ 
ments  (TI)]  and  substrate  growers  [Johnson  Matthey 
Electronics  (JME),  II-VI  Incorporated  (II- VI),  and 
TI].  The  particular  goal  of  the  IRMP  impurity  work  is 
to  achieve  improved  substrate  quality  through  reduc¬ 
tion  of  the  impurities  which  degrade  HgCdTe  photo¬ 
detector  performance.  The  technical  approach  is  to 
identify  which  substrate  impurities  alter  LPE  layer 
electrical  properties  and  to  revise  crystal  growth 
processing  to  eliminate  such  impurities.  In  order  to 
determine  the  sources  of  impurities  and  their  effects 
on  eventual  HgCdTe  LPE  layer  properties,  impurity 
levels  were  tracked  through  the  initial  raw  materials, 
substrate  crystals,  and  LPE  layers.  Because  of  the 
range  of  materials  being  studied  and  the  spectrum  of 
elements  being  tested  for,  several  complementary 
chemical  analysis  techniques  were  investigated  to 
obtain  the  necessary  parts-per-billion  (ppb)  sensitiv¬ 
ity.  A  comparison  of  techniques  was  made  and  the 
effectiveness  of  each  was  determined.  Baseline  CdZnTe 
crystals  were  produced  at  each  grower  site  using  pre¬ 
existing  processes,  providing  a  benchmark  against 
which  to  gauge  process  modifications.  Improved  pu¬ 
rity  raw  materials  were  developed  using  a  new  tech¬ 
nique  which  integrates  low-pressure  distillation  and 
zone  refining.  These  new  raw  materials  were  fed  into 
the  CdZnTe  crystal  growth  processes  for  improved 
substrate  purity. 

EXPERIMENTAL 

Each  of  the  IRMP  program  substrate  growers  (TI, 
II-VI,  and  JME)  produced  five  baseline  Cdj_^Zn^Te  (x 
«  0.04)  ingots  by  their  standard  processes,  the  hori- 


CdZnTe  Substrate  Impurities  and 
Their  Effects  on  LPE  HgCdTe 


499 


zontal  (HB)  and  vertical  Bridgman  (VB)  methods. 
Additional  crystals  were  grown  at  each  site  using  raw 
materials  that  were  prepared  by  a  new  purification 
technique,  in  situ  distillation  zone  refining  (ISDZR). 
In  ISDZR  purification,  distillation  and  zone  refining 
are  integrated  into  a  single  process  which  eliminates 
extra  handling  associated  with  the  original  two-step 
process.  A  controlled  “liquid  to  liquid”  distillation  is 
first  performed  to  remove  impurities  using  differ¬ 
ences  in  vapor  pressure.  This  is  followed  by  zone 
refining,  in  which  impurities  are  removed  using  seg¬ 
regation.  By  combining  the  two  purification  mecha¬ 
nisms  into  one  process  with  no  handling  between, 
ultra-high  purity  Te,  Cd,  and  Zn  are  produced.  Sub¬ 
strates  from  each  CdZnTe  crystal  were  used  in  the 
standard  LPE  HgCdTe  growth  processes  at  TI  and 
LIRIS.  Photodetector  test  devices  were  fabricated 
using  a  p-on-n  heterojunction  diode  structure  at  LIRIS 
and  a  metal-insulator  semiconductor  (MIS)  structure 
at  TL^  *5 

Impurity  concentrations  were  measured  in  the  raw 
materials  and  substrate  crystals  using  glow  discharge 
mass  spectrometry  (GDMS)  and  Zeeman  corrected 
graphite  furnace  atomic  absorption  (ZCGFAA). 
Samples  for  chemical  analysis  were  cut  from  the  first- 
to-freeze  (head)  and  last-to-freeze  (tail)  ends  of  all 
CdZnTe  baseline  and  improved  crystals.  Glow  dis¬ 
charge  mass  spectrometry  provides  a  survey  of  ele¬ 
mental  impurities  in  solid  samples  with  sensitivity 
limits  for  all  elements  generally  at  the  low  ppb  level 
or  better.  In  this  work,  GDMS  analysis  was  performed 
at  the  National  Research  Council  of  Canada  using  a 
VG  9000  instrument.  Inhomogeneous  impurity  dis¬ 
tributions  in  the  test  samples  can  cause  the  GDMS 
measurements  to  differ  from  the  true  average  concen¬ 
trations  because  only  1/2  micron  depth  of  material  is 
sputtered  off  and  sampled  for  each  element.  The 
reproducibility  of  GDMS  for  analysis  of  CdZnTe  was 
tested  by  sending  a  control  sample  along  with  each 
batch  of  CdZnTe  test  samples,  over  a  six  month  period 
of  time.  The  control  samples  were  cut  adjacent  to  each 
other  from  a  single  slice  of  CdZnTe.  Results  for  the 
five  control  samples  are  shown  in  Fig.  1,  indicating 
the  GDMS  measurement  uncertainty  for  each  ele¬ 
ment  in  CdZnTe.  For  example,  Cu,  P,  Al,  and  Mg  show 
good  reproducibility,  within  a  factor  of  three,  while  Li, 
Si,  Cl,  and  Fe  were  more  scattered.  S,  Co,  Na,  and  Ni 
were  near  the  GDMS  detection  limit  and  were  only 
detected  in  one  or  two  samples  each.  Variations  in  the 
control  sample  results  are  attributed  mostly  to  sample 
inhomogeneity  since  the  GDMS  instrumental  preci¬ 
sion  is  typically  better  then  5%,  except  near  the 
detection  limits  where  it  is  limited  by  count  rate  or 
detector  noise.®  Nonuniform  impurity  distributions  in 
CdZnTe  are  due  to  macroscopic  segregation  effects 
and  microscopic  gettering  by  crystalline  defects  such 
as  inclusions  and  dislocations. 

In  ZCGFAA  impurity  testing,  the  solid  samples  are 
dissolved  in  acids,  and  thus,  inhomogeneities  within 
the  samples  are  averaged  out.  The  ZCGFAA  instru¬ 
ment  uses  a  separate  lamp  and  different  testing 


parameters  for  each  analyte  element  and  testing 
parameters  must  be  optimized  for  each  sample  ma¬ 
trix.  Therefore,  ZCGFAA  is  not  intended  to  provide  a 
comprehensive  survey  of  elements.  For  identified 
“problem”  elements,  however,  ZCGFAA  is  a  cost  effec¬ 
tive  technique  for  quick  on-line  testing.  In  addition, 
ZCGFAA  offers  lower  detection  limits  than  GDMS  for 
certain  elements,  such  as  Ag  (in  CdZnTe).  In  this 
work,  ZCGFAA  was  performed  at  LIRIS  using  a 
Perkin-Elmer  5100  PC  instrument.  The  graphite  fur¬ 
nace  tubes  were  pyrolytically  coated  and  used  stabi¬ 
lized  temperature  (LVov)  platforms .  Calculations  were 
based  on  the  integrated  absorbence  (peak  area).  Spec¬ 
troscopic  grade  nitric  acid  was  used  for  sample  disso¬ 
lution  and  all  of  the  labware  was  made  out  of  PFA 
Teflon  or  semiconductor  grade  quartz.  Despite  these 
procedures,  occasional  contamination  of  the  blank 
solutions  was  found.  Therefore,  in  order  to  verify  their 
cleanliness,  every  sample  solution  was  tested  for  the 


Table  II.  ZCGFAA  Reproducibility 
Tests  Results  for  CdZnTe 


Test  1 

Test  2 

Test  3 

Test  4  GDMS 

Cu 

Head 

28 

30 

30 

42  29 

Tail 

1181 

741 

632 

1090  550 

Ag 

Head 

5 

2 

1 

<20 

Tail 

70 

75 

50 

<30 

Na 

Head 

78 

10 

164 

84 

Tail 

93 

223 

66 

210 

Fe 

Head 

38 

17 

8 

7 

Tail 

153 

183 

206 

200 

Li 

Head 

<70 

19 

64 

Tail 

870 

800 

4000 

Note:  Repeat  measurements  were  made  using  different  pieces 
from  two  sample  slices.  Results  are  in  ppb  atomic. 


Copper  and  Lithium  in  CdZnTe 


Fig.  2.  Zeeman  corrected  graphite  furnace  atomic  absoprtion  mea¬ 
surements  of  baseline  CdZnTe  plotted  against  GDMS  for  Cu  and  Li. 
Good  agreement  was  found  for  Cu  over  three  orders  of  magnitude.  For 
Li,  ZCGFAA  measurements  were  consistently  lower  than  GDMS. 
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CdZnTe  Baseline  GDMS  Data 


Copper 


Fig.  3.  Head  and  tail  impurity  concentrations  are  plotted  for  each  baseline  crystal.  Large  differences  between  grower  sites  are  evident.  Effective 
segregation  is  toward  the  tails  for  Cu  and  Na,  toward  the  heads  for  Mg,  and  mixed  for  Si. 


elements  of  interest  prior  to  dissolving  the  samples. 
Calibration  of  the  ZCGFAA  data  was  done  using  the 
method  of  standard  additions  with  aqueous  standard 
solutions.  Standard  additions  are  necessary  because 
the  high  concentration  of  CdZnTe  matrix  in  the  sample 
solutions  make  them  dissimilar  to  the  available  stan¬ 
dard  solutions. 

The  distribution  of  impurities  in  the  HgCdTe  LPE 
layers  were  measured  by  secondary  ion  mass  spec¬ 
trometry  (SIMS)  depth  profiling  at  Charles  Evans 
and  Associates  using  a  Cameca  instrument.  For  these 
samples,  an  oxygen  primary  beam  was  used  for  Li,  In, 
Na,  Mg,  Al,  Ca,  Fe,  and  Ni  and  a  cesium  primary  beam 
was  used  for  Cu,  O,  C,  Si,  P,  S,  Cl,  and  Br.  The  primary 
ion  beams  were  rastered  over  an  area  (300  iim)^  and 
the  detected  secondary  ions  extracted  from  the  cen¬ 
tral  85  pm  diam  of  the  crater.  This  limited  sampling 
volume  makes  SIMS  sensitive  to  microscopic  sample 
inhomogeneity.  The  SIMS  profiles  extend  through 
the  entire  thickness  of  the  LPE  layers  and  several 
microns  into  the  substrates.  Secondary  ion  mass 
spectrometry  data  are  not  accurate  at  the  surfaces  of 
the  samples  because  of  a  ‘‘surface  effect”  that  occurs 
before  the  sputtering  process  reaches  equilibrium. 
This  artifact  disappears  after  the  first  several  points 


in  the  depth  profile.  The  data  are  quantified  using 
relative  sensitivity  factors  determined  from  ion  im¬ 
plant  standards  of  known  dose  into  HgCdTe  and 
should  be  accurate  to  within  a  factor  of  two.  Second¬ 
ary  ion  mass  spectrometry  detection  limits  for  HgCdTe 
vary  widely  for  each  element,  as  shown  in  Table  1. 
These  are  approximate  values  which  vary  by  about  a 
factor  of  three  depending  on  the  sample  and  instru¬ 
ment  conditions.  For  comparison.  Table  I  also  lists  the 
GDMS  detection  limits  in  HgCdTe.  The  detection 
limits  in  CdZnTe  should  be  similar  to  HgCdTe  for 
both  SIMS  and  GDMS.  Secondary  ion  mass  spectrom¬ 
etry  is  more  sensitive  for  some  elements  (Li,  In,  Ca) 
while  GDMS  is  more  sensitive  for  others  (Cu,  Fe,  Ni, 
P,Cl,Si). 

RESULTS  AND  DISCUSSION 

The  reproducibility  of  ZCGFAA  for  testing  CdZnTe 
was  determined  through  a  series  of  repeat  tests,  each 
using  different  pieces  from  the  same  two  sample 
slices.  These  results  are  shown  in  Table  II  along  with 
corresponding  GDMS  data.  As  in  the  case  of  GDMS 
testing,  variations  for  a  given  sample  can  be  due  to 
sample  inhomogeneity  or  instrumental  precision. 
However,  microscopic  inhomogeneity  is  reduced  in 
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ZCGFAA  because  of  the  larger  sample  volume.  In¬ 
strumental  precision  was  typically  better  than  10%  in 
repeat  measurements  of  the  same  sample  solutions. 
In  ZCGFAA,  the  problem  of  anomalous  contamina¬ 
tion  in  the  sample  solutions  also  contributes  to  the 
measured  differences.  Table  II  shows  reproducible 
results  for  Cu,  Ag,  Fe,  and  Li,  but  not  for  sodium,  since 
the  later  is  always  present  as  a  variable  background 
in  the  blank  solutions.  Zeeman  corrected  graphite 
furnace  atomic  absorption  and  GDMS  results  in  Table 
I  are  in  close  agreement  for  Cu  and  Fe.  Silver  was 
below  the  GDMS  detection  limit  in  both  samples  but 
was  easily  detected  by  ZCGFAA.  Lithium  was  lower 
by  ZCGFAA,  but  both  techniques  found  the  tail  sam¬ 
ple  to  be  much  higher  than  the  head.  Figure  2  com¬ 
pares  ZCGFAA  to  GDMS  for  Cu  and  Li  in  most  of  the 
baseline  head  and  tail  samples.  This  graph  shows 
good  agreement  between  the  two  analytical  tech¬ 
niques  over  three  orders  of  magnitude  of  Cu  con¬ 
centration.  The  ZCGFAA  Li  concentrations  are  5-10 
times  lower  than  the  GDMS  for  a  wide  range  of 
concentrations,  indicating  a  systematic  offset  in  cali¬ 
bration  between  the  two  techniques.  The  origins  of 
this  offset  are  not  known,  but  they  could  be  caused  by 
unaccounted  loss  of  Li  during  the  ZCGFAA  char  step 
or  by  inaccuracy  in  the  GDMS  calibration. 

The  purity  of  initial  elemental  raw  materials  is 
clearly  important  to  the  eventual  CdZnTe  substrate 
impurity  levels.  Baseline  crystals  were  grown  using 
various  grades  of  raw  materials  depending  on  the 
grower  site  and,  not  surprisingly,  the  resulting  sub¬ 
strate  impurity  levels  were  dependent  on  the  grower 
site.  Some  of  the  differences,  however,  have  been 
attributed  to  the  different  crystal  growth  procedures. 
In  Fig.  3,  the  head  and  tail  concentrations  of  Cu,  Si, 
Mg,  and  Na  in  each  of  the  baseline  crystals  illustrate 
differences  in  impurity  concentrations  between  the 
grower  sites  as  well  as  the  effective  segregation  of 
these  elements  during  growth.  Five  different  boules 
are  shown  for  each  grower.  For  Cu  and  Na,  the 
effective  segregation  is  clearly  toward  the  tail  ends  of 
the  crystals,  while  Mg  is  consistently  higher  in  the 
heads.  Silicon  does  not  follow  any  consistent  segrega¬ 
tion  trend  and  there  is  significant  fluctuation  be¬ 
tween  the  crystals.  We  believe  that  Si  leaches  out  of 
the  quartz  ampoules  during  crystal  growth  depend¬ 
ing  on  the  carbonization  quality,  causing  inconsistent 
Si  incorporation  in  the  CdZnTe.  Effective  segregation 
coefficients  for  the  elements  detected  in  the  baseline 
CdZnTe  are  listed  in  Table  III.  Interestingly,  most  of 
the  impurities  that  are  electrically  active  in  HgCdTe 
preferentially  segregate  toward  the  tail  ends  of  the 
crystals,  suggesting  that  substrates  cut  from  near  the 
tails  may  be  more  problematic  for  HgCdTe  layer 
dopant  control. 

The  baseline  impurity  averages  for  each  grower  site 
are  shown  for  all  detected  elements  in  Table  IV. 
Elements  not  listed  in  Table  IV  were  tested  for  but  not 
detected  by  GDMS.  The  differences  between  grower 
sites  were  investigated  in  order  to  differentiate  be¬ 
tween  the  contributions  of  the  raw  materials  and  the 


crystal  growth  processes.  To  provide  a  direct  compari¬ 
son  between  the  growth  processes,  equivalent  purity 
lots  of  ISDZR  grade  raw  materials  (Cd,  Zn,  and  Te) 
were  used  at  each  grower  site.  The  average  impurity 
concentrations  in  ISDZR  CdZnTe  are  shown  in  Table 
V,  along  with  averages  for  the  Cd,  Zn,  and  Te  raw  lots. 
Since  the  ISDZR  raw  materials  are  almost  entirely 
impurity-free,  most  of  the  elements  detected  in  the 
resultant  CdZnTe  are  attributed  to  the  crystal  growth 
processes.  These  include  Li,  Na,  Mg,  Al,  Si,  Cl,  and  Cu. 
The  only  major  exception  is  Se,  which  originates  in 
the  raw  Te  and  shows  up  in  each  crystal  at  about  the 
same  concentrations.  However,  as  a  group  VI  ele¬ 
ment,  selenium  is  generally  thought  to  be  electrically 
inactive  in  HgCdTe.  In  general,  differences  between 
grower  sites  were  greatly  reduced  and  overall  purity 
was  improved  when  ISDZR  raw  materials  were  used. 
Figure  4  shows  the  excellent  overall  improvement  in 
CdZnTe  purity  achieved  from  the  baseline  to  the 
ISDZR  crystals.  The  dramatic  increase  in  Fe  at  Grower 
#1  (compare  Tables  IV  and  V)  was  not  included  in  Fig. 
4  because  it  was  due  to  an  identified  growth  process 
change  which  is  not  due  to  the  ISDZR  raw  material 
purity.  Since  most  of  the  remaining  impurities  in  the 
ISDZR  crystals  originated  from  crystal  growth,  fur- 


Table  III.  Effective  Segregation  Coefficients  in 
CdZnTe  Baseline  Crystals 

K<1 

K>1 

K  Mixed 

Li 

s 

V 

Mg 

Si 

Na 

Cl 

Cr 

Zn 

Ni 

Al 

Ca 

Fe 

Se 

P 

Ti 

Co 

Cu 


Table  IV.  GDMS  Results  of  CdZnTe  Baseline 
Crystals  Averaged  for  Each  Grower  Site 


Grower  #1 

Grower  #2 

Grower  #3 

Head 

Tail 

Head 

Tail 

Head 

Tail 

Li 

284 

5080 

329 

142 

303 

857 

Na 

127 

622 

<1 

<1 

101 

434 

Mg 

22 

5 

44 

17 

3 

4 

Al 

52 

239 

91 

104 

47 

53 

Si 

117 

71 

9 

13 

1015 

858 

P 

4 

38 

15 

29 

<1 

1 

S 

41 

284 

3 

2 

<4 

<4 

Cl 

27 

968 

2 

14 

7 

16 

Ca 

8 

142 

<5 

<5 

<5 

<5 

Ti 

<0.2 

4 

<0.2 

10 

1 

<0.2 

V 

1 

31 

<0.2 

<0.2 

1 

<0.2 

Cr 

4 

27 

<1 

<1 

<1 

1 

Fe 

9 

142 

43 

77 

1 

8 

Co 

<0.3 

2 

<0.3 

<0.3 

<0.3 

<0.3 

Ni 

95 

26 

<1 

5 

<1 

<1 

Cu 

63 

732 

49 

165 

<5 

24 

Zn 

2.2% 

1.0% 

2.0% 

1.5% 

2.1% 

1.6% 

Se 

164 

228 

4848 

4428 

4 

2 

Note:  In  parts  per  billion  atomic. 
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Table  V.  Impurity  Averages  for  CdZnTe  Grown  Using  ISDZR  Raw  Materials 


Grower  #1 

Grower  #2 

Grower  #3 

ISDZR 

ISDZR 

ISDZR 

CdZnTe 

CdZnTe 

CdZnTe 

Te 

Cd 

Zn 

Head 

Tail 

Head 

Tail 

Head 

Tail 

Tail 

Tail 

Tail 

Li 

12 

13 

<3 

100 

73 

547 

<5 

<0.6 

<0.3 

Na 

14 

16 

130 

74 

51 

393 

<2 

<0.4 

<0.2 

Mg 

5 

5 

11 

7 

7 

<2 

<2 

<0.3 

<0.1 

A1 

38 

43 

130 

32 

40 

47 

6 

<0.2 

<0.2 

Si 

92 

42 

86 

9 

3342 

148 

20 

<0.8 

1 

P 

2 

1 

2 

5 

<1 

<1 

<1 

<0.2 

<0.1 

S 

<4 

<4 

15 

<7 

<4 

3 

<2 

<2 

<3 

Cl 

5 

11 

8 

7 

7 

32 

<1 

1 

<2 

Ti 

<0.2 

<0.2 

2 

0.6 

1 

<0.2 

<0,3 

<1 

<0.03 

V 

1 

<0.2 

<0.2 

<0.2 

<0.2 

<0.2 

<0.6 

<0.1 

<0.05 

Cr 

<1 

2 

<3 

16 

1 

9 

<1 

<0.2 

<0.6 

Fe 

1000 

1080 

<4 

<6 

5 

2 

1 

<4 

8 

Ni 

<1 

5 

<2 

<2 

<1 

1 

<0,7 

1 

<0.1 

Cu 

10 

14 

17 

30 

6 

33 

<2 

<0.4 

<34 

Se 

875 

895 

840 

1000 

580 

817 

3433 

<5 

<0.1 

Note:  ISDZR  raw  material  process  averages  are  also  listed.  Comparison  to  Table  IV  shows  substantially  improved  CdZnTe  purity  when 
ISDZR  raw  materials  are  used.  Measurements  were  made  by  GDMS  and  values  are  reported  in  ppba. 


Comparison  Between  Baseline  and  ISDZR 
CdZnTe  Impurity  Averages 


Fig.  4.  Overall  process  averages  are  plotted  for  comparison  between 
the  baseline  and  ISDZR  crystal  growth  processes. 


ther  improvements  in  CdZnTe  purity  will  require 
modifications  of  the  crystal  growth  procedures  rather 
than  additional  raw  materials  purification. 

Liquid  phase  epitaxy  films  were  grown  at  TI  on  75 
substrates  provided  by  the  IRMP  program  using  TI’s 
large  tellurium  melt  dipping  process.  The  films  were 
grown  in  one  of  two  reactors:  Reactor  10  is  doped 
nominally  to  2  x  lOWcc  with  indium,  while  reactor  11 
is  doped  to  4  x  lO’Vcc  indium.  Low  doping  was  inten¬ 
tionally  done  to  exacerbate  any  effects  which  impuri¬ 
ties  in  the  substrate  have  on  epitaxial  films.  After 
post-growth  annealing,  the  77K  cutoff  predicted  by 
room  temperature  Fourier  transform  infrared  was 
measured.  Two  pieces  were  cut  from  each  film.  One 
was  used  to  measure  the  Hall  properties,  while  the 
other  was  used  to  fabricate  MIS  test  structures.  The 
chief  parameter  of  interest  in  the  MIS  devices  is  Q400; 


which  is  the  nodal  capacitance  (in  nC/cm^)  measured 
under  bias  conditions  which  result  in  a  dark  current 
of 400  uA/cm^  averaged  over  the  first  5  psec  integra¬ 
tion  time.  The  is  thus  the  well  capacity  under 
conditions  which  produce  a  given  dark  current,  and  is 
analogous  to  the  voltage  to  which  a  diode  can  be 
reverse  biased  to  produce  a  given  dark  current.  Under 
the  conditions  which  occur  when  an  MIS  capacitor  is 
pulsed  into  depletion,  the  main  source  of  dark  current 
is  via  tunneling  through  bandgap  states.  “Good”  val¬ 
ues  for  Q4ooare  20  nC/cm^  and  above  for  material  with 
a  cutoff  of  10  pm. 

These  data  were  analyzed  in  conjimction  with  GDMS 
impurity  data  measured  on  the  first  and  last  to  freeze 
portions  of  the  ingots.  The  only  correlations  which 
could  be  discerned  are  with  the  copper  concentrations 
in  the  ingots.  Figure  5  shows  the  relationship  between 
the  Hall  mobility  measured  at  77K  with  the  copper 
concentrations  measured  in  the  first  to  freeze  por¬ 
tions  of  the  ingots.  In  this  figure,  the  mobility  has 
been  normalized  to  a  cutoff  of  10  pm  using  the  theo¬ 
retical  behavior  of  mobility  as  a  function  of  cutoff.’ 
The  mobility  data  have  been  averaged  over  all  sub¬ 
strates  from  each  ingot.  A  strong  negative  correlation 
exists,  with  the  mobility  decreasing  as  the  copper 
concentration  increases.  Indeed,  LPE  films  grown  on 
an  ingot  with  a  first  to  freeze  copper  concentration  of 
100  ppba  (not  shown  in  Fig.  5)  were  p-type  after  post¬ 
anneal.  The  same  kind  of  correlation  with  substrate 
copper  exists  in  the  behavior  of  MIS  test  structures, 
as  is  shown  in  Fig.  5.  The  data  in  this  figure  have  been 
normalized  to  a  cutoff  of  10  pm  using  an  empirical 
relationship  between  cutoff  and  Q4go  observed  in  pre¬ 
vious  work.  The  well  capacity  is  greatly  reduced  as  the 
copper  concentration  in  the  substrate  rises.  The  high¬ 
est  performing  devices  are  on  substrates  with  the 
lowest  copper  concentration.  These  data  are  the  first 
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solid  demonstration  of  the  link  between  MIS  per¬ 
formance  and  substrate  copper  concentrations. 

The  p-on-n  heterojunction  diodes  were  found  to  be 
far  less  affected  by  the  substrate  impurity  con¬ 
centrations  than  were  the  MIS  devices.  This  is  pre¬ 
sumably  due  to  the  higher  indium  doping  level 
(1.5  X  10^^)  used  in  the  heterojunction  baselayers.  In 
fact,  there  was  no  consistent  correlation  found  be¬ 
tween  the  device  or  LPE  layer  properties  and  any  of 
the  measured  substrate  impurities  in  the  baseline 
boules  used  for  this  study.  However,  in  the  overall 
LPE  heterojunction  production  process  at  LIRIS,  a 
small  fraction  (-10%  over  the  last  three  years)  of  the 
substrate  boules  produce  compensation  and  even  p- 
t3^e  conversion  in  the  n-type  baselayers.  Among  the 
15  IRMP  baseline  boules  used  for  LPE  growth,  one 
such  boule  (#54)  was  found.  All  LPE  baselayers  grown 
on  substrates  from  this  boule  were  found  to  have 
lowered  mobility.  It  is  suspected  that  out-diffusion  of 
impurities  from  the  substrates  is  responsible  for  this 
effect.  The  measured  copper  concentration  in  boule 
#54  is  about  average  when  compared  to  the  other 
baseline  boules,  implying  that  there  may  be  some 
additional  property  (besides  just  the  measured  Cu 
concentration)  that  contributed  to  the  degradation  of 
HgCdTe  layer  properties.  The  incompletely  understood 
role  of  substrate  Te  inclusions  in  gettering  Cu  may  be 
responsible  for  such  anomalous  compensation  effects. 
Under  Phase  2  of  the  IRMP  program,  we  are  under¬ 
taking  experiments  to  better  understand  the  interac¬ 
tions  between  impurities  and  substrate  defects,  such 
as  Te  precipitates.  Methods  to  control  precipitate  size 
and  density  by  stoichiometry  control  during  boule 
growth  or  by  post-growth  annealing  are  now  fairly 
well  understood.^  Therefore,  substrates  can  be  pre¬ 
pared  with  differing  precipitate  and  impurity  levels. 
We  will  evaluate  sets  of  nominally  identical  sub¬ 
strates  (adjacent  slices  of  the  same  boules)  which 
have  undergone  different  post-growth  thermal  treat¬ 
ments.  These  will  include  substrates  from  a  copper 
spiked  boule,  in  which  copper  has  been  intentionally 
added  at  a  high  enough  level  to  easily  detect  and 
evaluate  in  terms  of  its  effects  on  HgCdTe  layers. 

Secondary  ion  mass  spectroscopy  depth  profiling 
was  used  to  track  impurities  from  the  substrates  into 
the  LPE  layers.  The  SIMS  data  were  analyzed  in 
conjunction  with  the  measured  LPE  electrical  proper¬ 
ties  and  the  GDMS  ingot  concentrations.  Samples 
selected  for  SIMS  consisted  of  heterojunction 
baselayers  on  substrates  from  each  grower  site,  in¬ 
cluding  two  layers  grown  on  boule  #54.  Electrical 
properties  of  all  the  SIMS  samples  were  good  except 
for  the  two  from  boule  #54.  As  described  in  the 
Experimental  section,  the  sensitivity  of  SIMS  de¬ 
pends  very  strongly  on  the  analyte  element.  For  some 
elements,  such  as  Cu,  Fe,  Ni,  Si,  and  Cl,  concentra¬ 
tions  could  be  present  in  sufficient  quantities  to  affect 
the  HgCdTe  electrical  properties,  yet  go  undetected 
by  SIMS.  Although  the  SIMS  detection  limit  for  Cu  is 
higher  than  the  electrical  compensation  level  in  the 
IRMP  samples,  SIMS  has  been  able  to  measure  Cu  in 


a  separate  case  of  extraordinarily  high  contamina¬ 
tion.  This  is  shown  in  Fig.  6  for  an  LPE  layer  with  a 
Hall  carrier  concentration  of  6.5  x  lO^Vcc  p-t3rpe.  This 
layer  was  grown  on  a  substrate  from  a  boule  that 
consistently  produced  p-type  LPE  layers  (after  iso¬ 
thermal  Hg  vapor  anneal  at  250°C).  For  other  ele¬ 
ments,  such  as  Al,  Mg,  Li,  Na,  P,  Ca,  and  S,  the  SIMS 
measurements  have  much  better  sensitivity.  How¬ 
ever,  these  elements  were  not  detected  in  high  enough 
concentrations  to  account  for  the  measured  p-type 
electrical  compensation  (up  to  about  2  x  lO^Vcc).  The 
suspected  p-type  impurities,  Li,  Na,  and  P,  were 
measured  below  10  Wcc  in  all  of  the  LPE  layers.  Sulfur 
was  measured  at  2  x  lO^Vcc  in  two  of  the  LPE  layers, 
while  the  others  were  near  the  detection  limit  in  the 
high  lOWcc  range.  However,  the  two  samples  with 
high  S  were  among  the  good  electrical  samples,  indi¬ 
cating  that  these  levels  of  S  do  not  adversely  affect 
HgCdTe  properties.  In  summary,  we  were  not  able  to 
detect  the  elements  responsible  for  the  degraded 


Fig.  5.  HgCdT e  layer  mobility  and  MIS  well  capacity  are  averaged  over 
all  substrates  from  each  ingot  and  plotted  against  the  copper  concen¬ 
tration  in  the  first  to  freeze  a  portion  of  the  ingots.  The  *  marks  an  Ingot 
that  gave  poor  results  in  the  p-on-on  heterojunction  growth  process. 


Copper  Measured  by  SIMS 


Fig.  6.  Secondary  ion  mass  spectrometry  depth  profile  measurement 
shows  copper  at  the  same  level  as  the  p-type  carrier  concentration. 
The  SIMS  measurement  was  made  on  the  actual  Hall  sample. 
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electrical  properties  in  some  HgCdTe  layers.  If  copper 
plays  a  role,  it  is  below  the  SIMS  detection  limit.  In 
Phase  2  of  the  IRMP  program,  we  will  investigate 
other  analytical  techniques  to  directly  measure  cop¬ 
per  in  HgCdTe  layers.  The  newly  developed  technique 
of  sputter  initiated  resonance  ionization  spectroscopy 
(SIRIS)  holds  much  promise  for  depth  profiling  and 
small  scale  spatial  imaging  of  copper  at  low  levels  in 
HgCdTe.® 

CONCLUSION 

Several  analytical  measurement  techniques  were 
used  to  track  the  levels  of  impurities  through  the 
various  processing  stages  from  the  initial  raw  mate¬ 
rials  to  the  CdZnTe  substrates  and  the  eventual 
HgCdTe  LPE  layers.  A  baseline  was  established  for 
CdZnTe  purity,  against  which  the  effectiveness  of 
process  modifications  were  gauged.  The  origins  of 
impurities  and  their  effective  segregation  in  CdZnTe 
crystal  growth  were  determined.  A  novel  technique  of 
raw  materials  purification  was  developed  and  greatly 
improved  substrate  purity  was  achieved  using  this 
technique.  However,  several  elements  were  still  found 
in  the  improved  purity  substrates  and  were  attrib¬ 
uted  to  the  crystal  growth  processes.  Further  sub¬ 
strate  purification  will  require  modifications  to  the 
crystal  growth  processes  or  post-growth  impurity 
extraction. 

HgCdTe  LPE  layers  were  grown  and  test  devices 
were  fabricated  on  IRMP  baseline  substrates.  These 
were  evaluated  in  conjunction  with  the  measured 
substrate  and  LPE  layer  purity  levels.  In  lightly 
doped  LPE  layers  used  for  MIS  devices,  the  HgCdTe 
Hall  mobility  and  MIS  well  capacitance  were  strongly 
dependent  on  the  substrate  copper  concentration. 
However,  in  the  more  heavily  doped  LPE  layers  used 
for  p-on-n  heterojunction  diodes,  the  LPE  layer  and 


test  device  properties  were  far  less  affected  by  the 
substrate  purity.  Secondary  ion  mass  spectrometry 
depth  profile  measurements  were  made  to  identify 
impurities  in  HgCdTe  LPE  layers  that  maybe  respon¬ 
sible  for  electrical  compensation.  Several  common  p- 
type  impurities  (Li,  Na,  and  P)  were  found  in  concen¬ 
trations  far  too  low  to  account  for  the  observed  com¬ 
pensation.  However,  the  SIMS  detection  limits  for 
certain  other  elements  (particularly  Cu)  are  not  sen¬ 
sitive  enough  to  detect  concentrations  which  can 
adversely  affect  HgCdTe  electrical  properties. 
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Etch  Pit  Characterization  of  CdTe  and  CdZnTe  Substrates 
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A  new  etch  system  is  described  which  produces  pits  on  the  technologically 
important  B  face  of  (111)  and  (211)  CdTe  and  CdZnTe  which  are  commonly  used 
in  mercury  cadmium  telluride  (MCT)  epitaxy.  A  ratio  of  approximately  10  wide:  1 
deep  is  achieved  with  this  etch  allowing  its  use  without  removing  excessive 
material.  Examples  of  the  use  of  this  etch  are  given  and  a  comparison  is  made 
with  the  Nakagawa,  A  face  etch  system  which  is  in  common  use  to  characterize 
this  family  of  materials.  A  screening  protocol  is  discussed  which  integrates  the 
use  of  etch  pitting  into  the  manufacture  of  substrates  for  use  in  epitaxial  MCT 
applications.  Comparisons  are  made  between  CdZnTe  substrates  grown  using 
the  horizontal  and  vertical  Bridgman  techniques. 

Key  words:  CdTe,  CdZnTe,  defects,  etch  pit,  HgCdTe 


INTRODUCTION 

Mercury  cadmium  telluride  (MCT)  is  the  most  im¬ 
portant  material  currently  in  use  for  the  manufacture 
of  high  performance  infrared  (IR)  detectors.^  Many 
factors  contribute  to  the  overall  performance  of  detec¬ 
tors  manufactured  from  MCT  and  much  work  has 
been  carried  out  to  elucidate  what  these  factors  are. 
Considerable  advances  have  been  made  in  the  under¬ 
standing  of  MCT  materials  science  and  device  physics 
over  the  past  decade  and  the  dominant  mechanisms 
which  lead  to  low  performance  or  poor  uniformity  of 
devices  and  arrays  are  now  fairly  well  understood. 

Bulk  grown  MCT  was  the  primary  material  used  for 
first  generation^  infrared  detectors;  this  produced 
photoconductive  devices  with  adequate  performance, 
although  there  have  been  reports  of  significant  sav¬ 
ings  in  cost  and  improvements  in  yield  by  switching  to 
epitaxially  grown  material.  For  second  generation 
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devices,  which  typically  consist  of  arrays  of  photo¬ 
diodes,  it  quickly  became  apparent  that  the  disloca¬ 
tion  structure  in  bulk  grown  material  led  to  fixed 
pattern  noise  from  nonconforming  elements  in  the 
arrays.  A  typical,  state-of-the-art,  high  performance 
array  would  consist  of  a  p-on-n  diode  structure,  sensi¬ 
tive  to  long  wavelength  IR  (typically  >10  |im),  and 
bump  bonded  to  a  silicon  multiplexer  for  readout  into 
the  system  electronics. 

One  key  aspect  which  determines  the  performance 
of  a  photovoltaic  (PV)  IR  detector  is  the  leakage  path 
which  exists  across  the  p-n  junction,  this  is  particu¬ 
larly  important  in  the  performance  of  long  wave- 
len^h  detectors  when  operated  at  temperatures  sig¬ 
nificantly  below  77K.  Dislocations  in  the  material 
which  intersect  the  p-n  junction  are  an  example  of 
current  leakage  paths;  this  has  been  quantified  by 
Johnson  et  al.,^  leading  to  a  potential  specification  for 
the  maximum  permissible  dislocation  density  which 
is  acceptable  in  a  given  application. 

It  has  been  reported  that  the  minimum  dislocation 
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density  which  can  be  achieved  in  MCT  material  grown 
by  liquid  phase  epitaxy  (LPE)  is  close  to  that  which  is 
measured  in  the  CdTe  or  the  CdZnTe  substrate.^  It  is 
clear,  therefore,  that  nonuniformities  in  dislocation 
density  in  substrates  will  lead  to  nonuniformity  in 
MCT  layers  and  subsequently  to  defective  arrays  of 
detectors.  The  growth  of  highly  perfect  CdTe  family 
materials  for  use  as  substrates  is  not  currently  repro¬ 
ducible.  Many  authors  quote  average  dislocation  den¬ 
sities  for  these  materials  and  do  not  address  the  issue 
that  significant  fluctuations  in  dislocation  density 
within  an  ingot  and  even  within  a  wafer  exist.  Table 
I  shows  the  average  and  the  range  of  dislocation 
densities  which  are  typically  seen  in  Bridgman  grown 
CdTe  family  substrate  materials.  It  is  clearly  important 
to  minimize  the  range  of  dislocation  densities  in  wafers 
which  are  to  be  used  as  substrates  for  MCT  growth. 

A  key  tool  in  the  measurement  and  identification  of 
areas  of  high  dislocation  density  is  the  use  of  etch 
pitting  solutions;  many  such  solutions  have  been 
reported  for  use  on  CdTe  family  materials.  In  particu¬ 
lar,  the  Nakagawa  etch®  which  became  the  industry 
standard,  whereas  the  Inoue®  (E,  E-Agl,  and  E-Ag2) 
and  Hahnert/Schenk'^  etches  find  limited  application. 
Each  of  these  etches  has  particular  strengths  and 
weaknesses  on  the  various  crystallographic  orienta¬ 
tions  which  are  in  common  use  for  MCT  epitaxy.  The 
polarity  as  well  as  the  orientation  of  faces  for  epitaxial 
growth  is  important  in  determining  the  properties  of 
MCT  epitaxial  layers.  The  "B”  face  in  this  system  is 
the  Te-rich  face,  conversely,  the  “A’’  face  is  the  Cd  or 
metal-rich  face. 

Table  II  shows  the  orientations  which  are  most 
commonly  specified  for  substrates;  the  most  common 
is  the  (lll)B  orientation  which  is  used  in  Te-rich, 
sliding  boat  LPE.  The  checks  in  Table  II  indicate  that 
the  orientation  is  in  common  use  for  the  particular 
MCT  growth  technique,  the  crosses  indicate  that  the 


Table  I.  Average  and  Typical  EPDs  Reported 
on  CdTe  Family  Materials 

Material  CdTe  CdZnTe  CdTeSe 

Average  25  x  10^  6  x  10^  4  x  10^ 

EPD/cm-2 

Typical  range 

of  EPD/cm-2  10-100  x  10^  1-50  x  10^  0.5-50  x  10^ 


orientation  is  not  in  common  use  and  the  queries 
indicate  that  no  data  is  available  to  indicate  that  the 
orientation  is  commonly  used.  A  reliable  B  face  defect 
revealing  etch  could  be  an  important  tool  for  improv¬ 
ing  Te-rich  MCT  epitaxial  processing. 

It  can  be  seen  from  Table  II  that  the  most  key 
orientations  for  substrates  are  (lll)A  and  B,  (211)B, 
and  (100)  misoriented  in  various  numbers  of  degrees 
to  (110).  To  date,  no  reliable,  effective  etch  for  the 
(lll)B  or  the  (211)B  has  been  available.  Bagai  et  al.® 
have  reported  a  version  of  the  Nakagawa  solution  to 
work  on  B  face  CdTe,  but  this  cannot  be  reproduced  in 
the  authors’  laboratories.  Lack  of  an  etch  has  encum¬ 
bered  the  screening  of  materials  for  use  on  these 
orientations  although  the  reverse  side  of  (lll)B  sub¬ 
strates  can  be  effectively  screened  with  the  Nakagawa 
solution. 

EXPERIMENTAL  PROCEDURES 
AND  RESULTS 

Requirements  of  the  B  Face  Etch 

A  number  of  possible  etch  systems  were  explored  in 
an  attempt  to  find  a  pitting  solution  which  met  the 
criteria  defining  an  effective  etch,  those  criteria  were 
as  follows: 

•  The  etch  must  be  effective  at  producing  pits  on 
the  (lll)B  face  of  CdTe  and  CdZnTe. 

•  The  etch  must  be  effective  at  producing  pits  on 
the  (211)B  face  of  CdTe  and  CdZnTe. 

•  The  pits  produced  by  the  etch  must  be  compa¬ 
rable  in  terms  of  pits  per  cm^  with  the  Nakagawa 
solution  i.e.  they  must  be  related  to  dislocations. 

•  The  etch  must  produce  pits  which  can  be  used  to 
discriminate  areas  of  high  EPD  from  a  low 
background  EPD  with  the  unaided  eye. 

•  The  etch  must  be  easy  to  use  and  reproducible  in 
a  production  environment. 

Development  and  Characterization  of 
the  B  Face  Etch 

The  etch  which  was  developed  meets  all  of  the  above 
criteria  and  is  described  below. 

Composition  of  the  solution: 

6  cm3  of  48%  HF:24  cm^  of  HNO3:150  cm^  of  Lactic 
Acid  (1:4:25) 


Table  II.  Orientations  of  Substrates 

Te  Slider  LPE 

Te  Dipper/ 
Tipper  LPE 

Hg  Dipper 

LPE 

MOCVD 

MBE 

(lll)B 

/ 

/ 

? 

Twins  * 

Twins  * 

(IIDA 

X 

? 

/ 

Twins  * 

Twins  * 

(211)B 

X 

? 

? 

/ 

/ 

(211)A 

X 

? 

? 

X 

X 

(100)  >  (110) 

X 

7 

? 

/ 

/ 

other  Orientations 

X 

? 

? 

/ 

/ 

*Some  reports  of  twin  free  growth. 
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Fig.  3.  TEM  of  pits  formed  on  dislocations. 


1075.  1079.  1095.  D716  D734  6151*  616J-  6236- 

1078-  1000-  D715  D725  D7«  6154-  6221- 

SAMPLES 


H  Nakagawa  1^  Everson  (2.5  minutes) 

Fig.  4.  Bar  graph  comparing  EPDs  on  A  and  B  faces  of  (111). 

The  condition  for  producing  pits  with  this  solution 
on  CdTe  or  CdZnTe  substrates  was  found  to  be  im¬ 
mersion  for  2.5  min  with  moderate  agitation  at  room 
temperature. 

The  etch  produces  triangular,  well  defined  pits  on 
the  (lll)B  face  of  CdTe  and  CdZnTe.  The  pits  formed 
typically  display  a  ratio  of  10:1  width :depth  which 
makes  groups  of  pits  easy  to  see  with  the  unaided  eye. 
Figure  1  shows  the  pits  produced  on  the  (11 1)B  face  of 
CdZnTe.  For  the  (211)B  orientation,  the  pits  formed 
are  elongated  triangles;  Fig.  2  shows  the  microstruc¬ 
ture  of  these  pits  formed  on  a  CdZnTe  wafer. 

We  refer  to  this  etch  and  etching  procedure  as  the 
“Everson  etch”  as  it  was  W.  J.  Everson  who  first  noted 
its  effectiveness  and  has  subsequently  helped  to  de¬ 
velop  its  application. 

Validation  of  the  Etch 

It  is  clearly  important  not  only  to  have  an  etch 


Table  III.  EPDs  for  Single  Crystal  Block  of  CdTe 


Nakagawa 

Everson 

(lll)A 

44  X  10^  cm-2 

N/A 

(lll)B 

N/A 

35  X  10"  cm-2 

(211)A 

N/A 

N/A 

(211)B 

N/A 

20  X  10"^  cm“2 

which  produces  pits  on  the  B  face  of  CdTe,  but  also  to 
validate  that  the  etch  measures  the  dislocation  den¬ 
sity  of  the  material.  Four  approaches  to  validate  the 
dislocation  revealing  capability  of  the  etch  described 
here  were  used. 

Firstly,  transmission  electron  microscopy  was  used 
to  determine  that  an  etch  pit  was  formed  due  to  a 
dislocation.  A  high  dislocation  density  sample  which 
had  been  pitted  with  the  Everson  etch  was  carefully 
thinned  to  the  point  where  the  tips  of  the  etch  pits 
almost  perforated  the  foil  and  then  examined.  Figure 
3  shows  a  micrograph  which  shows  two  such  etch  pits 
with  a  dislocation  line  clearly  visible  at  the  tip  of  each 
pit. 

Secondly,  a  cross  reference  with  the  current  in¬ 
dustry  standard  Nakagawa  etch  was  used  as  the 
benchmark  for  the  B  face  etch  by  etching  both  faces  of 
a  statistically  significant  sample  of  (111)  orientated 
wafers.  The  results  for  this  set  of  15  measurements 
are  graphed  below  in  Fig.  4  and  the  correlation  coef¬ 
ficients  are  shown. 

Thirdly,  detailed  comparisons  were  made  between 
the  pits  formed  on  each  face  of  a  (111)  oriented  2x3 
cm  CdTe  wafer  by  macro  photography  and  by  EPD 
mapping  on  a  Cambridge  instruments  “Quantimet” 
system.  The  results  on  the  (lll)A  Nakagawa  etched 
face  and  the  equivalent  on  the  (lll)B  Everson  etched 
face  were  very  comparable  in  both  the  counts  and  the 
structure  of  the  defects  seen. 

Finally,  a  single  crystal  block  of  CdTe  was  oriented 
such  that  (111)  and  (2 1 1)  A  and  B  faces  were  all  visible 
and  counts  were  made  on  the  faces  to  cross  correlate 
the  results.  Table  III  shows  the  result  of  these  corre¬ 
lations.  A  micro  twin  was  revealed  on  all  etched  faces 
of  the  block. 

A  summary  is  shown  in  Table  IV  of  the  usefulness 
of  the  various  etches  which  are  in  common  use  on 
CdTe  family  materials  including  the  B  face  “Everson” 
etch  described  in  this  paper.  An  additional  etch, 
included  in  the  table  which  the  authors  have  found  to 
be  useful  in  delineating  defects  on  all  orientations  of 
CdTe  and  CdZnTe  is  included  since  it  was  one  of  the 
prime  candidate  etches  which,  it  was  hoped  would 
provide  a  universal  screening  etch.  The  etch,  which 
consists  of  dilute  bromine  in  methanol  under  bright 
white  light^  reveals  certain  features  but  the  pits 
formed  are  very  small,  precluding  its  use  as  a  screen¬ 
ing  etch. 

SCREENING  PROTOCOL 

The  establishment  of  etches  which  are  effective  at 
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Table  IV.  Usefulness  of  Etches  in  Common  Use  on  CdTe  Family  Materials 


Nakagawa 

Everson 

Inoue 

E,  E-Ag 

Hahnert 
&  Schenk 

0.1%  Bromine 
/  Methanol 

(lll)B 

No  pits 

Good  pits 

Good  pits;  not 
dislocation  related 

Small  pits 

Small  pits;  not 
dislocation  related 

(IIDA 

Good  pits 

No  pits 

Good  pits;  not 
dislocation  related 

Fair  pits 

Small  pits;  not 
dislocation  related 

(211)B 

No  pits 

Fair  pits 
[elongated] 

Good  pits;  not 
dislocation  related 

Small  pits 

Small  pits;  not 
dislocation  related 

(100)  >(110) 

No  pits 

No  pits 

Good  pits;  not 
dislocation  related 

? 

Small  pits;  not 
dislocation  related 

Fig.  5.  As-sawn  wafer  of  VB  grown  CdZnTe.  pjg  g  Wafer  pitted  using  the  Everson  etch. 


revealing  dislocations  on  the  most  important  crystal¬ 
lographic  faces  in  common  use  with  CdTe  family 
materials  enables  an  important  step  forward  in  es¬ 
tablishing  quality  tools  for  the  manufacture  of  sub¬ 
strates  which  are  used  in  the  manufacture  of  high 
performance  epitaxial  MCT  material  and  diode  ar¬ 
rays. 

The  substrate  screening  technique  which  has  been 
developed,  minimizes  the  effect  of  threading  disloca¬ 
tions  on  the  MCT  diode  arrays.  This  is  achieved  by 
ensuring  that  areas  of  high  EPD  and  micro  twinning 
are  not  included  in  the  clear  aperture  of  a  substrate 
which  is  used  for  epitaxial  MCT  growth. 

Figure  5  shows  an  as-sawn  CdZnTe  wafer,  grown  by 
the  vertical  Bridgman  technique,  which  has  been 
marked  with  potential  substrates.  It  can  be  seen  that, 
at  this  stage,  a  3  x  4  cm  substrate  and  a  2  x  3  cm 
substrate  could  be  physically  manufactured  from  this 
wafer.  Figure  6  shows  that  this  same  wafer,  with  its 
microstructure  revealed  using  the  Everson  B  face 
etch  described  in  this  paper,  would  not  yield  any  high 
quality  (EPD  <  1  x  10^  cm-^)  substrates.  The  wafer 
clearly  shows  areas  of  high  dislocation  density  and 
micro  twinning  which  were  not  apparent  prior  to 
etching.  In  this  case,  etch  screening  indicates  that 
this  particular  wafer  would  be  of  little  value  as  a 
substrate  to  produce  high  performance  MCT  material 
and  subsequent  IR  detector  arrays. 

Figure  7  shows  large  area  (111)  as-sawn  single 


Fig.  7.  Single  crystal  HB  wafers  showing  two  4  x  6  cm  substrates  on 
each. 


crystal  wafers  produced  by  the  horizontal  Bridgman 
technique;  these  wafers,  when  etched,  showed  a  very 
uniform  dislocation  density  averaging  3-5  x  10“^  cm-^. 
Figure  8  shows  the  polished  and  defect  etched  surface 
of  the  ingot,  which  was  parallel  to  the  (111)  plane  in 
the  as-grown  condition,  showing  highly  uniform  EPD 
with  no  twins  or  lines  of  defects  over  the  majority  of 
the  7.5  X  10  cm  single  crystal  area. 

An  initial  comparison  between  the  wafers  produced 
using  the  vertical  Bridgman  (VB)  process  (which 
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Fig.  8.  HB  ingot  section  with  the  (11 1  )B  surface  pitted  with  the  Everson 
etch. 


typically  shows  two  or  three  large  grains)  and  the 
horizontal  Bridgman  (HB)  process  recently  put  into 
production  at  II-VI  suggests  that  the  lack  of  intruding 
grains  in  the  single  crystal  surface  layer,  intrinsic  to 
HB  growth/^  may  lead  to  a  reduced  incidence  of  lines 
of  defects  and  micro  twinning. 

The  protocol  which  has  been  developed  requires 
that  every  third  to  fifth  as-sawn  slice  is  screened  by 
“view  polishing”  and  defect  etching  prior  to  man¬ 
ufacturing  final  sized  substrates. 

CONCLUSION 

A  defect  etch  has  been  developed  which  is  effective 
at  forming  pits  on  the  (11 1)B  and  (2 1 1)B  faces  of  CdTe 
and  CdZnTe.  The  etch  pits  features  formed  using  this 


etch  can  be  seen  with  the  unaided  eye  and  can  there¬ 
fore  be  used  in  routine  production  to  determine  pass/ 
fail  criteria  for  wafers.  This  step  forward  enables  B 
face  screening  of  wafers  to  maximize  downstream 
yields  of  material  and  devices  on  B  face  substrates. 

The  etch  has  been  shown  to  compare  well  in  terms 
of  the  density  and  reproducibility  of  pits  which  are 
produced  with  the  industry  standard  Nakagawa  etch, 
which  pits  only  the  (111)A  face  of  CdTe  family  mate¬ 
rials.  Transmission  electron  microscopy  and  statisti¬ 
cally  significant  sampling  has  confirmed  that  pits  are 
formed  at  the  intersection  of  dislocations  with  the  B 
face,  Te  rich  surface. 
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Copper  Outdiffusion  from  CdZnTe  Substrates  and  its 
Effect  on  the  Properties  of  Metalorganic  Chemical  Vapor 
Deposition-Grown  HgCdTe 
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Ra3d;heon  Company,  Research  Division,  Lexington,  MA  02173 
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We  report  that  HgCdTe  (MCT)  epilayers  grown  by  metalorganic  chemical  vapor 
deposition  can  be  doped  by  copper  outdiffusing  from  CdZnTe  substrates.  The 
copper  content  in  the  substrates  was  determined  by  the  choice  of  the  purity  of  the 
starting  raw  materials.  Copper  diffusion  could  be  controlled  by  adjusting  the 
tellurium  precipitate  density  in  the  substrates.  Growing  on  substrates  with  a 
high  concentration  of  tellurium  precipitates  resulted  in  low  doped  MCT  epilayers 
whereas  a  high  copper  concentration  was  found  in  MCT  grown  on  substrates 
with  a  lower  concentration  of  tellurium  precipitates.  A  mechanism  whereby 
tellurium  precipitates  getter  copper  during  the  post-growth  cooldown  of  CdZnTe 
boules  and  trap  copper  in  the  substrates  is  proposed. 
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INTRODUCTION 

Impurities  in  HgCdTe  (MCT)  can  affect  material 
properties  such  as  carrier  concentration,  mobility, 
and  minority  carrier  lifetime.  Copper  is  one  such 
impurity  whose  adverse  effects  on  the  transport  prop¬ 
erties  of  MCT  are  well  documented. An  important 
source  of  copper  contamination  is  the  substrate  used 
in  MCT  epitaxy.  Myers  et  al.  have  shown  that  copper 
from  CdZnTe  substrates  can  diffuse  into  the  MCT 
epilayer  during  MBE  growth  and/or  post  growth  an¬ 
nealing  resulting  in  anomalous  electrical  behavior.^ 
Similar  results  have  been  observed  in  liquid  phase 
epitaxy  (LPE)-grown  MCT  layers.^  Since  copper  may 
be  present  to  some  extent  in  most  CdTe  or  CdZnTe 
substrates  (in  this  study,  the  copper  concentration  in 
the  substrate  was  determined  by  the  choice  of  the 
starting  raw  materials),  it  is  important  to  understand 
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the  process  of  copper  outdiffusion  in  order  to  mini¬ 
mize  its  effect  on  the  material  properties  of  epitaxially 
grown  MCT.  Here  we  show  that  metalorganic  chemi¬ 
cal  vapor  deposition  (MOCVD)-grown  MCT  layers 
can  also  be  doped  with  copper  diffusing  from  CdZnTe 
substrates.  We  report  a  correlation  between  sub¬ 
strate  post  growth  treatment,  the  density  of  tellurium 
precipitates,  and  the  quantity  of  copper  that  segre¬ 
gates  into  MOCVD-grown  MCT. 

EXPERIMENTAL 

This  work  was  carried  out  both  at  Texas  Instru¬ 
ments  and  Raytheon.  Texas  Instruments  grew  the 
CdZnTe  boules  from  starting  raw  materials  of  differ¬ 
ent  purity  and  performed  substrate  annealing  experi¬ 
ments.  Raytheon  grew  the  MCT  epilayers  by  MOCVD 
on  Texas  Instruments’  substrates  and  characterized 
the  material  properties  of  the  epilayers. 

CdZnTe  single  crystals  were  grown  by  the  hori¬ 
zontal  Bridgman  technique.  The  growth  furnace  con- 
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sisted  of  six  independently  controlled  zones  with  a 
bore  of  4.5  inches.  Typical  ingots  weighed  4  Kg  with 
nominal  ZnTe  mole  fraction  of  5%.  Several  purity 
grades  of  raw  materials,  especially  elemental  cad¬ 
mium,  were  used  in  this  study  to  purposely  vary  the 
impurity  content  and  to  correlate  electrical  properties 
of  MCT  epitaxial  layers  with  substrate  purity.  The 
ingots  were  grown  from  pre-reacted  charges  placed  in 
a  graphite  boat  which  was  sealed  off  in  an  evacuated 
quartz  ampoule.  Typical  growth  rates  were  8  mm/h. 
Once  the  growth  was  completed,  the  ingot  was  al¬ 
lowed  to  cool  either  by  turning  the  furnace  off  and 
letting  the  ingot  cool  fairly  quickly  to  room  tempera¬ 
ture  (furnace  cool)  or  by  cooling  slowly  at  4°C/h  (pro¬ 
grammed  cooling)  to  600°C  and  then  shutting  the 
furnace  off.  Large  single  crystal  grains  extracted  from 
the  ingots  were  oriented  to  <111>  or  <100>  and  then 
sawed  into  2  x  3  cm  substrates.  The  CdZnTe  sub¬ 
strates  were  characterized  by  infrared  transmission 
measurements.  An  infrared  microscope  was  used  to 
measure  the  size  and  density  of  tellurium  precipi¬ 
tates. 

Mercury-cadmium-telluride  was  grown  on  both 
(lll)B  and  (100)  CdZnTe  substrates  by  the  MOCVD 
direct  alloy  growth  process  in  a  vertical  reactor  at 
360°C  using  diisopropyltellurium,  dimethylcadmium, 
and  elementary  mercury.®  The  composition  of  the 
grown  layers  was  determined  from  infrared  trans¬ 
mission  and  thickness  measurements.  Samples  were 
annealed  at  220°C  for  15  h  in  a  mercury  ambient  to 
reduce  Hg  vacancies  before  doing  any  electrical 
measurements.  Carrier  concentration  and  mobility 
were  determined  from  van  der  Pauw  measurements. 
The  minority  carrier  lifetime  was  measured  by  the 
photoconductive  decay  technique  using  a  GaAs  laser 


Table  I.  Tellurium  Precipitate  Size  and  Density  as 
a  Function  of  Growth  Conditions 


Tellurium 

Tellurium 

Precipitate 

Precipitate 

Cooldown 

Size  (jim) 

Density  (cm-®) 

Fast 

5-8 

10® 

Programmed  Cool 

1-3 

10® 

operating  at  0.85  |im.  Copper  concentrations  were 
determined  at  VHG  Labs,  Manchester,  NH,  using 
Zeeman  corrected  graphite  furnace  atomic  absorp¬ 
tion  spectroscopy  (ZCGFAAS)  analysis.  This  tech¬ 
nique  is  capable  of  measuring  copper  concentration  in 
MCT  with  an  accuracy  of±  50%  and  precision  of  ±  50%. 
The  epitaxial  MCT  layer  was  separated  from  its 
substrate  by  means  of  polishing  and  selective  etching 
which  resulted  in  a  free  standing  MCT  epitaxial  layer. 
The  MCT  layer  and  the  CdZnTe  substrate  were  then 
each  analyzed  separately. 

RESULTS  AND  DISCUSSION 

Table  I  summarizes  the  results  of  the  two  different 
CdZnTe  ingot  cooling  schemes.  As  can  be  seen,  fast 
cooldown  (furnace  cool)  results  in  a  high  density  (10® 
cm-®)  of  large  (5-8  pm)  tellurium  precipitates  while 
programmed  cooling  results  in  a  two  orders  of  magni¬ 
tude  reduction  in  tellurium  precipitate  density  as 
well  as  a  reduction  in  precipitate  size.  Slow  cooling 
allows  cadmium,  which  has  a  higher  vapor  pressure 
than  tellurium,  to  reenter  the  crystal  lattice  and 
reduce  the  size  and  quantity  of  tellurium  precipitates. 

Table  II  shows  the  material  characteristics  of  some 
MCT  epilayers  grown  for  this  study.  The  designation 
“epi”  refers  to  the  MCT  epitaxial  layer  and  the  term 
“sub”  refers  to  its  CdZnTe  substrate.  Samples  SR151- 
epi  and  SR158-epi  are  examples  of  low  doped  high 
quality  n-type  material.  The  measured  low  carrier 
concentration  and  high  electron  mobility  at  77K  are 
consistent  with  the  x  value.®  Figure  1  displays  the 
carrier  concentration,  n^,  and  electron  mobility  for 
sample  SR158-epi  as  a  function  of  temperature.  The 
classical  n-type  behavior  (net  donor  level,  Nj^-  N^,  of 
4.5  X  10^^  cm-®  and  electron  mobility,  Pjj,  in  excess  of 
10®  cmW-s  at  low  temperature)  are  indications  of 
high  quality  low  doped  n-type  material.  The  rela¬ 
tively  high  minority  carrier  lifetimes  reported  in 
Table  II  are  also  consistent  with  good  n-type  mate¬ 
rial.^ 

The  tellurium  precipitate  concentration  in  the  sub¬ 
strate  (Table  II)  correlates  well  with  the  transport 
properties  and  the  quantity  of  copper  in  the  epilayers. 
For  example,  sample  SR151-epi  has  a  low  copper 
concentration  (<0.03  ppma).  In  fact,  the  copper  con- 


Table  II.  Material  Characteristics  of  MOCVD-Grown  HgCdTe 


Sample 

X 

n 

(cm^) 

Mb™ 

(cmW-s) 

t77K 

(ms) 

Te 

precipitate 

Density 

[Cu] 

(ppma) 

SR151-epi 

SR15 1-sub 

0.242 

-5.0  X  1014 

102,600 

3.3 

High 

<0.03 

<0.02 

SR158-epi 

SR158-sub 

0.204 

-4.5  X  1014 

133,600 

2.3 

Low 

0.05 

<0.02 

SR155-epi 

SR155-sub 

0.236 

-h2.0  X  1016 

297 

Low 

0.33 

SR156-epi 

SR156-sub 

0.215 

+9.0  X  101® 

644 

Low 

0.73 

0.02 

Note:  Negative  carrier  concentration  indicates  n-type  material;  positive  carrier  concentration  indicates  p-type  material. 


Copper  Outdiffusion  from  CdZnTe  Substrates  and  its 
Effect  on  the  Properties  of  MOCVD-Grown  HgCdTe 


centration  in  the  layer  is  approximately  equal  to  that 
in  the  corresponding  substrate  (SR151-sub).  SR151- 
sub  was  taken  from  an  ingot  that  was  furnaced  cooled 
to  room  temperature  and  therefore  contains  a  high 
density  of  tellurium  precipitates  (10^  cm“^).  On  the 
other  hand,  SR155-sub  and  SR156-sub  were  taken 
from  ingots  which  were  programmed  cooled.  Hence, 
these  substrates  have  a  lower  density  of  tellurium 
precipitates  (10^  cm-^).  Note  that  the  copper  con¬ 
centration  in  SR155-epi  and  SR156-epi  is  consid¬ 
erably  higher  (0.33  and  0.73  ppma,  respectively)  even 
though  the  copper  concentration  in  the  representative 
substrate  (SR156-sub)  is  low  (0.02  ppma).  These  two 
layers  remained  p-type  even  after  a  Hg  vacancy  filling 
anneal  which  is  consistent  with  the  high  concentra¬ 
tion  of  copper  present  in  these  layers.  On  the  other 
hand,  sample  SR158-epi  has  a  low  density  of  tellu¬ 
rium  precipitates  (Table  II)  and  yet  it  contains  little 
copper  (0.05  ppma).  This  inconsistency  will  be  ex¬ 
plained  later  in  the  discussion. 

A  possible  explanation  for  the  correlation  between 
the  tellurium  precipitate  density  in  the  substrate  and 
the  transport  properties  of  the  epilayers  is  that  tellu¬ 
rium  precipitates  may  be  gettering  copper  during  the 
post-growth  cooldown  of  the  ingots  from  which  sub¬ 
strates  are  manufactured.  Hence,  MCT  grown  on 
substrates  whose  ingots  were  fast  cooled  have  good 
transport  properties  because  the  high  concentration 
of  tellurium  precipitates  in  the  substrate  getters 
copper  which  stays  in  the  substrate.  In  contrast, 
substrates  from  ingots  which  have  been  slowly  cooled 
have  significantly  less  tellurium  precipitates.  There 
are  fewer  precipitates  to  getter  copper  which  can  then 
diffuse  from  the  substrate  to  the  growing  MCT  and 
degrade  the  transport  properties  of  the  layer.  A  simi¬ 
lar  effect  has  been  observed  at  Texas  Instruments  in 
the  growth  of  MCT  by  LPE  using  substrates  with 
varying  densities  of  tellurium  precipitates.^ 

As  expected,  the  purity  of  the  raw  materials  (spe¬ 
cifically  elemental  cadmium)  was  found  to  make  a 
difference  in  the  copper  content  of  the  substrates  and 
ultimately  the  properties  of  MCT  epilayers.  For  ex¬ 
ample,  SR158-sub  came  from  an  ingot  synthesized 
from  elemental  cadmium  with  a  copper  content  of  less 
than  50  ppba  (measured  by  glow  discharge  mass 
spectroscopy  at  the  Canadian  Research  Council), 
whereas  for  the  rest  of  the  samples  in  Table  II,  the 
copper  content  in  the  elemental  cadmium,  used  to 
synthesize  the  ingots,  was  in  excess  of  50  ppba.  For 
samples  SR151,  SR155,  and  SR156,  the  tellurium 
precipitate  gettering  mechanism  is  applicable  (a  high 
density  of  tellurium  precipitates  in  the  substrate 
leads  to  a  low  copper  concentration  in  the  MCT  layer). 
It  is  interesting  to  note,  however,  that  sample  SR158- 
epi  had  a  low  copper  concentration  (0.05  ppma)  even 
though  its  substrate  had  a  low  tellurium  precipitate 
density  (Table  II).  This  means  that  if  one  starts  with 
sufficiently  low  copper  concentration  in  the  raw  ma¬ 
terials,  it  is  possible  to  have  a  low  copper  concentra¬ 
tion  in  the  MCT  layer  as  well  as  a  low  density  of 
tellurium  precipitates  in  the  substrate. 
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Fig.  1 .  Temperature  dependence  of  the  carrier  concentration,  n^,  and 
mobility,  for  x  =  0.204  HgCdTe  epilayer. 


Table  III.  Material  Characteristics  of  HgCdTe 
as  a  Function  of  Annealing  Temperature 


T 

n  77K 

Ur 

^77K 

Sample 

(°C) 

(cm-®) 

(cmW-s) 

(Ms) 

SR158-epi 

220 

-4.5  X  1014 

133,600 

2.3 

440 

-3.0  X  1015 

50,200 

0.16 

SR159-epi 

220 

-2.3  X  1014 

154,600 

2.3 

440 

-2.8  X  1015 

76,000 

0.20 

SR200-epi 

220 

-3.5  X  1014 

102,000 

3.0 

440 

-6.0  X  1014 

22,900 

0.5 

To  gain  further  insight  into  the  diffusion  of  copper 
in  CdZnTe  and  MCT,  portions  of  several  epilayers 
were  annealed  at  440°C  for  1  h  in  a  Hg  ambient 
followed  by  the  standard  15  h  anneal  at  220°C.  The 
results  reported  in  Table  III  compare  the  transport 
properties  of  these  layers  after  the  conventional  220°C 
anneal  and  after  the  high  temperature  anneal. 
Samples  SR159-epi  and  SR200-epi  were  grown  on  the 
same  type  of  substrate  as  SR151-epi  (these  substrates 
contain  a  high  density  of  large  tellurium  precipi¬ 
tates).  It  can  be  seen  that  the  high  quality  n-type 
material  has  deteriorated  as  a  result  of  the  high 
temperature  anneal  and  now  exhibit  anomalous  Hall 
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effect  behavior.  The  term  anomalous  refers  to  reduced 
mobilities  at  lower  temperatures  and  this  behavior  is 
usually  associated  with  a  network  of  interconnected 
P’type  regions  in  the  n-type  matrix.®  The  minority 
carrier  lifetime  of  each  sample  in  Table  III  also  de¬ 
creases  substantially  as  a  result  of  the  high  tempera¬ 
ture  annealing. 

The  anomalous  Hall  effect  behavior  and  the  de¬ 
crease  in  minority  carrier  lifetime  suggests  an  in¬ 
crease  in  the  copper  content  of  the  epilayers.  Indeed, 
Myers  et  al.  reported  the  outdiffusion  of  copper  from 
a  CdTe  substrate  and  its  accumulation  in  an  MBE- 
grown  MCT  layer  after  a  2  h  400°C  anneal.®  The 
outdiffusion  of  copper  from  substrates  during  high 
temperature  annealing  could  present  a  problem  in 
the  high  temperature  processing  of  MCT  materials 
since  even  substrates  synthesized  from  the  purest 
raw  materials  may  contain  quantities  of  copper  which 
can  segregate  in  the  MCT  epilayers. 

SUMMARY 

We  have  shown  that  MCT  layers  can  be  doped  with 
copper  during  the  MOCVD  growth  process.  The  quan¬ 
tity  of  copper  which  accumulates  in  the  MCT  epilayer 
and  originates  in  the  CdZnTe  substrates  could  be 
controlled  in  two  ways. 

First,  the  purity  of  the  raw  materials  used  to  S3ni- 
thesize  the  CdZnTe  substrates,  particularly  the  cad¬ 
mium,  was  found  to  affect  the  copper  content  of  the 
substrates  and  consequently  the  quantity  that  segre¬ 
gates  in  the  MCT  epilayers.  Secondly,  copper 


outdiffusion  could  also  be  minimized  by  growing  on 
substrates  with  a  high  density  of  tellurium  precipi¬ 
tates.  A  mechanism  whereby  tellurium  precipitates 
getter  copper  impurities  during  the  CdZnTe  boule 
post-growth  cooldown  and  trap  them  in  the  substrate 
is  proposed. 

The  density  and  size  of  tellurium  precipitates  in 
CdZnTe  crystals  can  be  controlled  by  means  of  the 
post-growth  cooldown  scheme.  Fast  cooldown  results 
in  a  high  density  of  precipitates,  whereas  the  density 
can  be  reduced  by  cooling  slowly. 

Finally,  high  temperature  annealing  was  found  to 
deteriorate  the  transport  properties  of  MCT  epilayers 
resulting  from  the  possible  incorporation  of  copper  in 
the  epilayers. 
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Resonance  Ionization  Spectroscopy  for  Quantitative 
and  Sensitive  Surface  and  Bulk  Measurements  of 
Impurities  in  ll-VI  Materials 
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We  have  applied  resonance  ionization  spectroscopy  for  the  first  time  on  IhVT 
materials,  Cd,  Te,  CdZnTe,  and  HgCdTe  for  the  measurement  of  trace  impuri¬ 
ties.  It  is  an  anal3rtical  technique  with  extremely  high  sensitivity,  selectivity, 
dynamic  range,  and  quantitation  accuracy.  The  technique  provides  virtual 
freedom  from  matrix  effects  and  minimizes  isobaric  and  other  mass  interfer¬ 
ences,  known  to  be  the  shortcomings  in  secondary  ion  mass  spectroscopy  and 
other  mass  spectroscopic  measurements.  Quantitative  analysis  of  Cu  in  bulk 
CdZnTe  boules  has  shown  Cu  concentration  in  the  range  low  10^^  to  low  10^^  cm-^  with 
an  average  copper  content  in  four  different  boules  near  2  x  10^^  cm“^.  High  Cu 
concentration  (1-2  x  10^'^  cm-^)  measured  in  some  HgCdTe  epitaxial  layers 
correlated  with  lower  Hall  mobility  in  the  layer,  and  in  one  case  the  intentionally 
In-doped,  n-type  HgCdTe  layer  turned  p-type. 

Key  words:  Cd,  CdZnTe,  HgCdTe,  impurities,  resonance  ionization 

spectroscopy  (RIS),  secondary  ion  mass  spectroscopy  (SIMS),  Te 


INTRODUCTION 

Resonance  ionization  spectroscopy  (RIS)  is  an 
emerging  laser-based  analytical  technique  for  quan¬ 
titative  and  sensitive  measurements  of  impurities 
and  doping  profiles  in  semiconductors.^  Resonance 
ionization  spectroscopy  analysis  requires  free  atoms 
(neutrals,  usually  in  the  ground  state)  in  the  gas 
phase,  with  the  atomization  and  ionization  occuring 
in  two  separate  steps.^’^  The  technique  consists  of 
atomization  of  the  sample  by  either  sputtering  with 
an  energetic  ion  beam  (SIRIS),  laser  beam  (LARIS),  or 
thermally  heating  in  a  graphite  furnace  (TARIS), 
suppression  of  the  secondary  ions  formed  in  the  sput¬ 
tering/atomization  process,  selective  ionization  of  the 
neutrals  by  pulsed  tunable  lasers,  and  mass  analysis 
of  the  ions  by  magnetic-sector  or  time-of-flight  (TOF) 
mass  spectrometer.  Through  precise  tuning  of  the 
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wavelengths  of  the  RIS  lasers,  only  atoms  of  a  selected 
element  are  resonantly  excited,  ionized,  and  counted 
in  the  mass  spectrometer.  The  transitions  between 
discrete  excited  states  are  unique  to  each  element; 
therefore,  resonance  ionization  is  extremely  selec¬ 
tive.  Resonance  ionization  spectroscopy  is  specially 
valuable  for  trace  element  analysis  in  materials  where 
molecular  ions,  isobars,  or  ions  from  the  major  con¬ 
stituents  of  the  sample  are  serious  sources  of  interfer¬ 
ences,  e.g.  Fe  in  Si  or  Cu  and  Fe  in  HgCdTe  and 
CdZnTe.  The  ionization  efficiency  for  the  selected 
element  can  be  as  much  as  10^  times  higher  than  for 
the  other  elements  in  the  sample.'^  The  high  selectiv¬ 
ity  of  the  RIS  process  also  helps  maintain  linearity  in 
the  mass  spectrometer  ion  extraction  region  by  reduc¬ 
ing  space  charge  effects  that  would  otherwise  be 
present  due  to  ionization  of  the  major  constituents  of 
the  sample.  Since  the  isotope  shifts  of  most  elements 
are  small  in  comparison  to  the  bandwidth  of  the  RIS 
lasers  used  in  our  experiments  (7-12  GHz),  all  iso- 
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Fig.  1 .  Simplified  energy  level  diagrams  illustrating  the  photoionization  of  neutral  atoms:  (a)  resonance  ionization  by  the  absorption  of  two  resonant 
photons  and  a  low-energy  IR  photon,  (b)  photoionization  by  resonant  excitation  of  an  autoionization  state,  (c)  vacuum  ultra-violet  (VUV)  resonance 
Ionization,  required  for  elements  with  a  large  energy  gap  to  the  first  excited  state  (elements  of  the  upper  right-hand  corner  of  the  periodic  table), 
and  (d)  two-photon  resonance  ionization,  an  alternative  for  VUV,  but  at  the  loss  of  sensitivity  and  selectivity. 


topes  of  a  chosen  element  will  be  ionized  with  almost 
equal  sensitivity.  If  a  time-of-flight  mass  spectrom¬ 
eter  is  used,  all  isotopes  of  an  element  can  be  detected 
simultaneously.  The  mass  spectrometer  requirements 
are,  therefore,  reduced  to  the  resolution  of  neighbor¬ 
ing  isotopes  of  a  single  element.  High  ionization 
selectivity  and  the  suppression  of  the  secondary  ions 
virtually  eliminates  interferences  from  molecular  ions, 
isobars,  or  ions  from  the  major  constituents  of  the 
sample. 

Resonance  ionization  spectrsocpy  is  also  extremely 
sensitive  and  efficient.  The  radiation  intensity  of 
modern  pulsed  dye  lasers  is  sufficient  to  saturate  both 
the  bound  to  bound  transitions  and  the  ionization 
step,  thereby  assuring  near  unit  probability  of  ioniz¬ 
ing  all  atoms  of  the  selected  element  that  are  in  the 
volume  intersected  by  the  RIS  laser  beams. 

The  efficiency  of  RIS  is  independent  of  many  of  the 
properties,  such  as  electronegativity,  that  are  impor¬ 
tant  in  secondary  ion  mass  spectroscopy  (SIMS).  The 
applicability  of  RIS  to  a  particular  element  depends 
upon  the  accessibility  of  electronic  transitions  by 
tunable  lasers.  Laser  RIS  schemes  have  been  pro¬ 
posed  for  all  elements  except  He  and  Ne.  Simple  RIS 
schemes,  such  as  U(ultraviolet)  +  VlS(visible)  + 
IR(infrared)(Fig.  la),  U  +  U  +  IR,  VIS  -f  VIS  +  IR,  and 
UV  -F  IR,  yield  near-uniform  sensitivity  down  to  the 
few  atom  level  for  80%  of  the  elements  in  the  periodic 
system,^  and  can  be  accomplished  by  a  single  Nd:YAG 


laser  pumping  two  tunable  dye  lasers.  Ionization  via 
autoionization  states  (Fig.  lb)  requires  lower  laser 
intensity  in  the  photoionization  step,  thereby  reduc¬ 
ing  interference  from  nonresonant  processes.  Selec¬ 
tive  ionization  in  elements  of  the  upper  right  hand 
corner  of  the  periodic  table  requires  more  complex 
laser  arrangements  to  generate  vacuum  ultraviolet 
radiation  (Fig.  Ic).  These  elements  can  also  be  ionized 
with  simple  laser  schemes  by  the  absorption  of  two 
photons  to  reach  a  two-photon  resonance,  with  conse¬ 
quent  ionization  from  the  absorption  of  a  third  photon 
(Fig.  Id).  Although  this  process  is  less  selective  and 
sensitive  than  the  previous  ones,  shown  in  Figs,  la, 
lb,  and  Ic,  it  still  has  a  significant  advantage  over 
conventional  ionization  and  nonresonant  photoion¬ 
ization  methods. 

DESCRIPTION  OF  TECHNIQUES 

The  main  components  of  the  SIRIS  system  are  a 
microfocus  ion  gun  (incident  angle  =  60°  from  nor¬ 
mal),  a  pulsed  flood  electron  gun,  a  RIS  laser  system 
consisting  of  a  pulsed  Nd:YAG  laser  (repetition  rate 
30  Hz)  pumping  two  dye  lasers,  a  computer-controlled 
high-resolution  sample  manipulator,  a  sample  intro¬ 
duction  system,  and  a  mass  spectrometer  detection 
system.  For  quantitative  analysis  of  samples  with 
high  vapor  pressure  such  as  HgCdTe,  samples  are 
cooled  to  lOOK.  In  the  SIRIS  experiments,  the  sample 
is  bombarded  with  a  pulsed  Ar+  ion  beam  (up  to  10'^ 
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ions/500  ns  pulse)  (Fig.  2).  The  expanding  cloud  of 
sputtered  material  consists  of  excited  state  and  ground 
state  neutral  atoms,  molecular  fragments,  and  ions, 
The  ions  are  removed  by  timed  extraction  voltage 
switching  (positive  ions  are  retarded,  negative  ions 
are  accelerated)  and  electrostatic  energy  analysis. 
The  remaining  neutral  particles  are  then  selectively 
ionized  by  the  RIS  laser  beams.  Efficient  overlap  of 
the  laser  beams  with  the  cloud  of  desorbed  material  is 
achieved  by  choosing  the  appropriate  delay  time  be¬ 
tween  firing  the  ion  gun  and  firing  the  RIS  lasers,  and 
carefully  positioning  the  RIS  laser  beams  with  regard 
to  the  ion  beam/sample  surface  intersection.  The 
ionized  atoms  are  extracted  into  a  mass  spectrometer. 
SIRIS  depth  profile  measurements  involve  two  steps: 

•  scanning  the  sample  with  a  continuous  ion  beam 
to  etch  the  sample  to  a  specific  depth,  and 

•  taking  data  with  a  pulsed  ion  beam  in  the  center 
of  the  crater. 

Trace  element  concentrations  can  be  monitored  as  a 
function  of  depth  with  less  than  0.1  nm  depth  inter¬ 
vals  because  the  high  efficiency  of  the  SIRIS  tech¬ 
nique  enables  detection  at  the  ppb  level  while  con¬ 
sumingless  than  one  monolayer  of  material  in  an  area 
of  1 X 10"^  cm2.  Imaging  is  achieved  by  either  scanning 
the  ion  beam  over  the  sample  or  by  changing  the  x  and 
y  target  positions  while  the  RIS  laser  beams  and  the 
bombarding  ion  beam  positions  remain  fixed.  If  a 
liquid  metal  ion  gun  is  used,  spatial  resolution  dovm 
to  100  nm  is  achievable.^ 

The  efficiency  of  the  SIRIS  process  of  ionizing  and 
detecting  a  selected  element  in  a  atomized  cloud 
depends  on  the  temporal  and  spatial  overlap  of  the 
resonance  laser  beam  with  the  atomized  cloud  (20- 
50%),  the  ionization  efficiency  (-100%),  the  total 
transmission  of  the  mass  spectrometer  (50-80%),  and 
the  detector  efficiency  (50-80%).  For  most  elements, 
useful  yields  (atoms  detected/atoms  sputtered),  be¬ 
tween  2-10  %  can  be  achieved  and  sub-parts-per 
billion  detection  limits  are  possible.^’^'^  So  far,  the 
highest  reported  useful  yield  is  -26  %  for  indium  in 
silicon.^  Since  the  SIRIS  sensitivity  between  most  of 
the  elements  is  approximately  the  same,  (variation  is 
less  than  a  factor  of  two),  the  absolute  concentration 
in  many  cases  can  be  approximately  determined  with¬ 
out  standards. 

SIRIS  RESULTS 

SIRIS  depth  profiles  of  Cu  and  Fe  in  five  Hg^^^Cd^Te 
epitaxial  layers  ( A,  B,  C,  D,  and  E  )  grown  by  liquid 
phase  epitaxy  (LPE)  on  CdZnTe  substrates  are  shown 
in  Fig.  3  and  Fig.  4,  respectively.  The  legend  shows  the 
sample  numbers.  Sample  A,  B,  and  C  are  double 
layers,  consisting  of  a  2  pm  thick  Hg^  ^^Cd^  g^Te  layer 
on  top  of  a  15  pm  thick  Hgog^CdogoTe  base  layer. 
Samples  D  and  E  are  single  layers  of  Hg(j  gQCdQ  2oTe  of 
thickness  15  pm.  The  base  layers  and  the  single  layers 
were  intentionally  doped  n-type  with  In  (mid  10^^ 
cm-^).  All  depth  profiles  were  taken  under  cooled 
condition.  Cu  signal  from  a  bulk  CdTe  sample  which 
was  intentionally  doped  with  a  Cu  concentration  of 


517 


1  X  lO^*^  cm“^,  was  used  as  a  calibration  standard  for 
these  measurements.  The  signal  was  used  to  deter¬ 
mine  the  absolute  Cu  concentration  in  the  layers.  The 
change  in  the  sputter  yield  between  Cd^ggZnQQ^Te 
(substrate)  and  Hg^  g^Cd^  2oTe  was  not  taken  into  ac¬ 
count  in  the  expressed  signal.  The  Fe  signal  was 
calibrated  by  assuming  the  same  Cu  sensitivity  factor 
for  Fe.  None  of  the  tail  signal  values  should  be  con¬ 
strued  as  detection  limits,  since  detuning  of  the  RIS 
lasers  caused  the  signal  to  disappear,  indicating  that 
the  lower  signals  seen  were  indeed  coming  from  the 
samples.  Figure  3  shows  low  copper  concentrations  in 
the  range  4-5  x  10^^  cm“^  in  samples  A,  B,  C,  and  E, 
whereas  in  sample  D  the  copper  concentration  is  high 


Fig.  2.  Schematic  diagram  of  the  sputter- initiated  resonance  ionization 
spectroscopy  system. 


0  1  2  3  4  5  6  7 


Depth  (pm) 

Fig.  3.  Sputter-initiated  resonance  ionization  spectroscopy  depth 
profiles  of  Cu  in  HgCdTe  epitaxial  layers. 


(1-2  X 10^^  cm~^)  by  more  than  a  factor  often.  The  high 
copper  concentration  in  sample  D  agrees  with  the 
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carrier  concentration  value  of  2.5  x  10^"^  cm"^  as  mea- 
sured  by  Hall  effect  at  77K.  The  underlying  substrate 
in  this  sample  also  had  a  high  copper  concentration 
(1  X  10^®  cm“^)  as  measured  separately  by  SIRIS.  It  is 
believed  that  copper  outdiffused  from  the  CdZnTe 
substrate  into  the  HgCdTe  layer  during  epitaxial 
growth.  Hall  effect  measurements  in  samples  A,  B,  C, 
and  E  have  shown  normal  n-type  behavior  with  high 
Hall  mobilities,  consistent  with  the  intentionally  in¬ 
troduced  In  concentrations.  Figure  4  shows  higher 
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Fig.  4.  Sputter-initiated  resonance  ionization  spectroscopy  depth 
profiles  of  Fe  In  HgCdTe  epitaxial  layers.  _ _ 


concentration  of  Fe  (2  x  10^^  cm-^)  in  the  top  layers  of 
the  double  layer  samples  A,  B,  and  C  and  a  factor  of 
ten  lower  Fe  signal  in  the  base  layers.  However,  tail 
concentrations  (lowest  measured  signals)  of  both  cop¬ 
per  (4  X  10^^  cm“^)  and  Fe  (2-3  x  10^®  cm^^)  were 
somewhat  higher  than  expected.  The  lowest  mea¬ 
sured  signal  in  CdZnTe  was  also  in  this  range  for  Cu 
and  Fe .  Particularly,  if  Cu  concentrations  in  the  range 
of  4-5  X 10^®  cm-3  were  present  in  these  n-type  HgCdTe 
samples,  it  would  have  shown  to  have  reduced  Hall 
mobilities  in  these  layers.  It  was,  therefore,  suspected 
that  the  high  background  signal  was  caused  by 
contamination  in  the  ion  beam  used  for  sputtering. 
This  was  verified  recently  by  remeasuring  sample  C 
with  a  newly  installed  mass  filtered  ion  gun  in  the 
SIRIS  system.  The  tail  concentration  of  both  Cu  and 
Fe  dropped  down  to  1-2  x  10^^  cm-^. 

TARIS  RESULTS 

The  TARIS  technique  is  similar  to  SIRIS,  except  in 
TARIS  the  sample  is  vaporized  and  atomized  in  a 
graphite  crucible  heated  by  a  graphite  furnace.  The 
atomized  substance  forms  an  atomic  beam  which  is 
irradiated  by  the  RIS  laser  beams  at  right  angles  to 
the  atomic  flow  between  two  electrodes.  The  resulting 
ions  are  then  extracted  by  an  electric  field  pulse  and 
are  detected  by  a  time-of-flight  mass  spectrometer.®^® 
We  applied  TARIS  for  the  analysis  of  Cu  in  bulk 
Cdo  ggZn^  Q^Te  substrates.  Two  compounded  charges  of 
Cdg  ggZngg^Te  doped  with  1  x  10^^  cm-®  and  1  x  10^®  cm-® 
copper  were  used  as  standards  for  these  measure¬ 
ments.  Use  of  two  standards  with  a  known  ratio  of 
copper  concentration  permitted  a  check  on  the  linear¬ 
ity  of  the  technique.  Materials  to  be  analyzed  were 
broken  into  pieces  of  less  than  20  mg  in  mass,  and  the 
individual  pieces  were  used  for  direct  analysis.  Each 
weighed  piece  was  placed  in  the  graphite  crucible 
which  was  then  inserted  in  the  thermal  atomizer. 
After  pumping  out  the  atomizer,  a  valve  separating 
the  analytical  chamber  from  the  atomizer  was  opened 


Table  I.  Copper  Concentration  (lx  10^^  cm-®)  in  Cd^ggZn^p^Te  Samples  by  TARIS 


Sample 

A  (tail) 
A  (tail) 
A  (tip) 

A  (tip) 

B  (mid) 
B  (mid) 
C  (tail) 
C  (tip) 

D  (tail) 
D  (tip) 

E  (tail) 
E  (mid) 
E  (tip) 


Number  of 

Average  Cu 

Std.  Dev, 

Measurements 

Mass  (mg) 

(IxlO^^cm-*) 

1 X 10^“*  cm- 

4 

15 

9.6 

3.7 

4 

13 

1.5 

1.0 

1 

10 

6 

— 

2 

16 

1 

0,5 

2 

8 

1.1 

0,5 

3 

10 

1.3 

1.0 

4 

15 

1.3 

0,5 

3 

11 

7.2 

5.9 

2 

10 

12.2 

0,3 

3 

11 

4.5 

3.0 

3 

9 

1.5 

0.7 

3 

10 

1.7 

0.6 

3 

11 

3 

1.5 

Doped  CdZnTe 
(1  X  10^®  cm-®) 


3 


4 


5.4  X  10^"^  cm-® 


1.7  X  10^^  cm-® 
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and  the  crucible  and  sample  were  heated  to  800°C.  It 
was  found  that  the  vaporization  rate  of  CdZnTe  at 
this  temperature  was  about  2  mg/min  with  no  signifi- 
cant  vaporization  of  copper  impurities. 

After  the  sample  vaporization  was  completed,  the 
crucible  temperature  was  increased  to  1800°C  in  a 
stepped  manner.  The  copper  signal  first  appeared  at 
a  temperature  of  lOOO^C  and  the  signal  was  inte¬ 
grated  through  the  temperature  range  1000 to  1800^0 
for  both  isotopic  masses  63  and  65  of  copper.  In  order 
to  clean  the  crucible  for  the  next  analysis,  the  tem¬ 
perature  was  increased  to  2100°C  for  30  s.  No  residual 
copper  signal  was  detected  after  this  heating  proce¬ 
dure.  Results  of  the  TARIS  analysis  are  shown  in 
Table  I.  Samples  from  tip,  middle,  and  tail  sections  of 
five  CdZnTe  boules  were  analyzed,  along  with  the 
samples  from  the  two  doped  boules.  The  data  does  not 
indicate  a  higher  concentration  of  copper  in  the  tail  as 
would  be  expected  for  its  reported  segregation  con¬ 
stant  of  0.23.^^  If  segregation  follows  the  normal 
freezing  law,  however,  copper  concentration  should 
increase  strongly  only  in  the  last  14%  of  the  boule 
length.  Within  the  variation  seen  here,  it  is  possible 
the  variation  due  to  segregation  would  not  be  appar¬ 
ent.  The  standard  deviation  seen  is  believed  to  be  due 
to  inhomogeneity  in  copper  distribution.  Additional 
data  are  needed  to  determine  the  true  variability.  The 
data  does  indicate  average  copper  content  in  four 
different  boules  is  near  2  x  10^^  cm-^  (13  ppb  atomic). 
A  possible  source  of  contamination  present  in  the  ion 
beam  of  SIRIS  is  not  present  in  TARIS,  because  the 
samples  are  vaporized  and  atomized  in  a  graphite 
furnace  and  not  by  sputtering  with  an  ion  beam. 

CONCLUSIONS 

We  have  applied  resonance  ionization  spectroscopy 
for  trace  impurity  analysis  of  II-VI  materials,  with 
both  SIRIS  (mainly  for  epitaxial  layers)  and  TARIS 
(only  for  bulk  materials)  in  an  effort  to  minimize 
matrix  effects  and  mass  interferences.  These  initial 
results  on  HgCdTe  and  related  II-VI  materials  dem¬ 
onstrate  the  high  selectivity  of  both  techniques  (SIRIS 
and  TARIS),  which  allows  virtually  interference-free 
trace  element  analysis  of  bulk  and  epitaxial  layered 
structures.  High  sensitivity  of  RIS  reduces  the  sample 
size  required  for  analysis  by  orders  of  magnitude 
compared  to  other  techniques.  Thus,  depth  profile 
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data  in  SIRIS  technique  can  be  taken  with  depth 
increments  of  only  0.1  nm  or  less,  yielding  unprece¬ 
dented  resolution  for  surface  or  near  surface  analysis. 
In  combination  with  a  scanning  submicron  ion  beam, 
SIRIS  will  be  able  to  image  trace  elements  both  with 
high  spatial  resolution  and  with  extremely  high  sen¬ 
sitivity  and  selectivity.  It  is  estimated  there  is  an 
error  of  factor  of  two  in  the  present  calibration  factors 
used  for  the  SIRIS  measurements  of  Cu  and  Fe. 
Calibration  standards  in  HgCdTe  and  CdZnTe  for 
various  elements  will  be  made  in  the  near  future,  for 
determination  of  absolute  sputter  yield  in  these  ma¬ 
trices  which  will  further  improve  quantitative  analy¬ 
sis  in  these  materials.  It  was  suspected  that  the 
lowest  measured  Cu  and  Fe  signals  (4  x  10^^  cm-^  Cu 
and  2-3  x  10^®  cm-^  Fe)  by  SIRIS  was  caused  by 
contamination  in  the  ion  beam;  as  this  was  not  seen 
with  TARIS .  This  was  verified  recently  by  remeasuring 
sample  C  with  a  newly  installed  mass  filtered  ion  gun 
in  the  SIRIS  system.  The  tail  concentration  of  both  Cu 
and  Fe  dropped  down  to  1-2  x  10^^  cm-^.  Additional 
measurements  in  the  future  will  establish  the  detec¬ 
tion  limits  for  Cu,  Fe  and  other  impurity  species  in 
HgCdTe  and  CdZnTe. 
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Molecular  Beam  Epitaxy  HgCdTe  Growth-Induced  Void 
Defects  and  Their  Effect  on  Infrared  Photodiodes 
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We  have  carried  out  a  study  and  identified  that  MBE  HgCdTe  growth-induced 
void  defects  are  detrimental  to  long  wavelength  infrared  photodiode  perfor¬ 
mance.  These  defects  were  induced  during  nucleation  by  having  surface  growth 
conditions  deficient  in  Hg.  Precise  control  and  reproducibility  of  the  CdZnTe 
surface  temperature  and  beam  fluxes  are  required  to  minimize  such  defects. 
Device  quality  material  with  void  defect  concentration  values  in  the  low  10^  cm-^ 
range  were  demonstrated. 

Key  words:  Defects,  HgCdTe,  infrared  detectors,  molecular  beam  epitaxy 
(MBE) 


INTRODUCTION 

A  greater  understanding  of  the  type  and  nature  of 
defects  limiting  HgCdTe  photovoltaic  device  perfor¬ 
mance  and  array  operability  and  their  relationships 
with  the  various  growth  and  device  processing  steps 
is  needed.^>2  Currently,  MBE  HgCdTe  material  is 
used  to  make  photovoltaic  devices  and  infrared  (IR) 
focal  plane  arrays  (FPA).^  For  certain  long  wave¬ 
length  infrared  (LWIR)  applications,  we  have  re¬ 
ported  device  operability  values  as  high  as  97%.^-^ 
When  growing  HgCdTe  material  on  lattice-matched 
CdZnTe  wafers  under  growth  conditions  that  gave 
high  performance  MBE  LWIR  devices,  using  optical 
microscopy,  we  identified  a  particular  growth  in¬ 
duced  void  defect  on  the  surface  of  the  HgCdTe  epilayer . 
The  concentration  of  these  defects  is  in  the  10^-10^ 
cm-2  range.  Using  these  values,  we  estimate  that  a 
typical  128  x  128  FPA  made  with  this  material  could 
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have  as  much  as  five  percent  and  as  little  as  0.5 
percent  of  pixels  with  this  kind  of  defect.  The  purpose 
of  this  paper  is  to  present  device  data  that  show  that 
MBE  growth-induced  void  defects  are  detrimental  to 
HgCdTe  photovoltaic  devices  and  likely  account  for 
the  drop  in  FPA  operability. 

A  detailed  discussion  of  MBE  HgCdTe  growth  and 
device  fabrication  procedures  used  here  can  be  found 
in  Refs.  4  and  5.  The  LWIR  HgCdTe  heterostructures 
used  to  fabricate  devices  in  this  study  were  grown  on 
near  lattice-matched  (211)  Cd^g^Zn^j^^Te  substrates 
to  minimize  the  dislocation  density  in  the  HgCdTe 
epilayers.  Growth  was  carried  out  with  effusive  sources 
that  contain  Hg,  Te2,  and  CdTe.  Nominal  beam  flxixes 
for  these  sources  were  in  the  10~^,  10^,  and  10“^  Torr 
beam  equivalent  pressure  (BEP)  ranges,  as  measured 
with  a  nude  ion  gauge  in  the  growth  position,  and 
corrected  for  atomic  and  molecular  weight  and  ioniza¬ 
tion  efficiency.  Under  these  conditions,  growth  rates 
are  in  the  range  of  3-4  |im/h.  The  optimum  Hg/Te^  flux 
ratio  necessary  to  maintain  monocrystalline  HgCdTe 
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Fig.  1.  Schematic  growth  representation  of  MBE  HgCdTe  epilayers 
grown  on  (211  )B  lattice-matched  CdZnTe  substrates. 
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Fig.  2.  Top  view  photograph  of  a  void  defect  induced  during  the  MBE 
growth  of  HgCdTe  on  a  (21 1)B  CdZnTe  substrate. 


growth  is  determined  by  using  in  situ  reflection  high- 
energy  electron  diffraction  (RHEED)  analysis.® 

DISCUSSION 

Because  MBE  is  a  far  from  equilibrium  technique  in 
which  the  growth  is  being  controlled  by  surface  kinet¬ 
ics,  the  surface  growth  temperature  is  critical  to  the 
introduction  of  defects.  This  is  schematically  illus¬ 
trated  in  Fig.  1,  which  shows  that  the  optimized 
HgCdTe  growth  temperature,  under  the  previously 
mentioned  flux  conditions,  is  in  the  range  of  185- 
190°C  as  measured  by  an  IR  pyrometer.  Good  device 
performance  and  high  (98%)  operability  values  have 
been  reported  using  material  grown  under  these  con¬ 
ditions.^®  If  surface  growth  temperature,  under  the 
same  conditions,  is  raised  above  190°C,  then  a  defi¬ 
ciency  of  Hg  (due  to  a  drop  in  the  sticking  coefficient)’ 
is  obtained  at  the  surface  and  a  high  concentration 
(10^-10'*  cm-2)  of  defects  is  formed,  as  indicated  in  the 
figure.  These  results  indicate  that  the  introduction  of 
such  defects  is  due  to  a  lack  of  Hg  (or  an  excess  Te)  at 


Fig.  3.  Atomic  force  microscopy  three-dimensional  scan  photograph  of 
the  surface  of  a  MBE  HgCdTe  epilayer  grown  under  deficiency  of  Hg 
and  which  had  a  high  (10^  cm-^  range)  concentration  of  void  defects. 


Surface 

HgCdTe  Epilayer 

Interface 

CdZnTe  Substrate 

Fig.  4.  Cross-sectional  SEM  photograph  of  a  void  defect  induced 

during  the  MBE  growth  of  HgCdTe. 

the  surface.  A  top  view  photograph  of  one  of  these 
particular  defects  is  illustrated  in  Fig.  2.  Their  void 
size  at  the  surface  depends  on  the  epilayer  thickness; 
for  a  10  pm  thick  layer,  void  sizes  of  5  pm  are 
frequently  observed.  We  have  also  observed  that 
dislocations  tend  to  cluster  around  these  defects 

We  have  used  atomic  force  microscopy  (AFM)  and 
scanning  electron  microscopy  (SEM)  to  probe  the 
microscopic  shape  of  the  defects.  Shown  in  Fig.  3  is  an 
AFM  scan  photograph  of  an  epilayer  which  had  a  high 
(lO'^  cm"^)  concentration  of  these  particular  defects.  As 
clearly  shown  in  the  figure,  the  defects  are  of  the  void 
kind.  The  depth  of  the  void  extends  about  1.5  pm  from 
the  surface  into  the  material.  A  cross-sectional  SEM 
photograph  of  a  void  defect  is  shown  in  Fig.  4.  As 
illustrated  in  the  figure,  the  defect  was  generated  at 
the  CdZnTe  interface  during  the  first  stages  of  nucle- 
ation.  From  this  photo,  it  is  also  clear  that  there  is 
HgCdTe  material  inside  the  void;  this  material  has  a 
polycrystalline  structure  as  determined  by  RHEED. 
The  composition  of  the  HgCdTe  material  inside  the 
void  has  not  been  determined. 

Currently,  under  the  best  optimized  flux 

growth  con(iitions  for  a  growth  temperature  in  the 
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Fig.  5.  Top  view  photograph  of  the  surface  of  two  30  x  30  jim  planar  LWIR  =  1 0  |rm)  detectors,  present  on  the  same  test  chip.  Void  defects  are 
clearly  visible;  one  of  the  detectors  has  one  void  defect  while  the  other  has  none.  Also  indicated  are  their  77K  R^A  products. 


185-190°C  range,  the  lowest  content  of  void  defects  at 
the  surface  that  we  have  achieved  is  around  100  cm“^. 
Etch  pit  density  values  for  epilayers  grown  under 
these  conditions  are  low  (lO'^-lO^  cm"^  range)  and 
adequate  for  device  fabrication.^  Sub-micron  size  de¬ 
fects  generated  by  dust  particulates  present  on  the 
wafer  after  sample  preparation  etching  may  account 
for  the  low  concentration  of  void  defects  because  the 
particulates  can  act  as  localized  sites  where  the  stick¬ 
ing  coefficient  of  Hg  during  nucleation  is  reduced.® 
The  sample  preparation  etching  step  is  carried  out  to 
clean  the  surface  using  a  0.5%  chemical  solution  of 
bromine  methanol  to  remove  about  4  pm  of  material 
before  loading  the  substrate  into  the  MBE  chamber. 
Another  possibility  could  be  tellurium  precipitate 
defects  present  on  the  surface  of  the  CdZnTe  sub¬ 
strates. 

At  lower  (below  185°C)  growth  temperatures,  un¬ 
der  the  same  flux  conditions  (Fig.  1),  an  excess  of  Hg 
is  obtained  at  the  surface  because  the  sticking  coeffi¬ 
cient  of  Hg  increases  as  the  temperature  is  reduced.'^ 
The  excess  Hg  produces  microtwin  defects  that  are 
easily  detected  by  RHEED  during  growth.  These 
defects  are  detrimental  to  the  electrical  properties  of 
the  epilayer  and  devices.  The  EPD  values  of  material 
grown  under  these  conditions  are  very  high  (10®-10^ 
cm-2  range).  It  is  interesting  to  point  out  that  material 


grown  under  these  conditions  has  a  surface  morphol¬ 
ogy  which  is  free  of  void  defects  even  though  it  is  not 
adequate  for  device  fabrication. 

Planar  LWIR  p-on-n  heterostructure  detector  mini¬ 
arrays  with  variable  area  (30  x  30,  50  x  50,  125  x  125 
and  500  x  500  pm^)  diodes  were  made  with  HgCdTe 
material  with  low  and  high  void  defect  concentrations 
to  test  their  effect  on  device  performance.  After  the 
diodes  were  measured  at  77Kto  determine  their  R^A 
products  as  a  function  of  device  area,  they  were 
analyzed  under  a  microscope  to  correlate  R^A  values 
for  devices  with  and  without  defects.  A  one-to-one 
correlation  between  devices  which  have  a  void  defect 
and  poor  R^A  device  performance  was  established  as 
illustrated  in  Fig.  5.  The  figure  shows  a  top  view 
photograph  of  two  30  x  30  pm  planar  LWIR  =  10 
pm)  detectors  present  on  the  same  test  chip,  also 
indicated  are  their  77K  R^A  products.  R^A  data  were 
measured  under  zero  background  and  the  area  (A) 
used  was  the  device  junction  area.  Void  defects  are 
clearly  visible;  one  of  the  detectors  has  one  void  defect 
while  the  other  has  none.  The  photodiode  that  had  no 
defect  on  it  had  a  normal  R^A  value  of  270  Q-cm^  at 
77K,  while  the  one  that  had  a  defect  had  an  extremely 
low  R^A  value  of  0.2  Q-cm^  (almost  a  short). 

To  further  illustrate  the  effect  of  the  void  defects  on 
photodiodes,  in  Fig.  6  we  have  plotted  R^A  distributions 
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Fig.  6.  Area  dependence  R^A  values  at  77K  of  LWIR  {X^  =  9.5  \irr\) 
detectors  made  with  a  MBE  HgCdTe  layer  which  had  a  growth- 
induced  void  concentration  of  1  x  1 0^  cm-^.  R^A  data  were  measured 
under  zero  background  and  the  area  (A)  used  was  the  device  junction 
area. 


at  77K  for  the  various  device  areas  of  an  LWIR  = 
9.5  |Lim)  miniarray  made  using  a  HgCdTe  sample  that 
had  a  void  concentration  of  1  x  10^  cm"^.  As  seen  in  the 
figure,  small  devices  (30  x  30  and  50  x  50  pm^)  have 
high  R^A  values  and  good  uniformity  and  operability. 
Only  one  of  the  50  x  50  pm^  devices  had  a  poor  R^A 
value;  when  analyzed  under  the  microscope,  it  was 
the  only  one  of  that  area  that  had  a  void  defect.  On  the 
other  hand,  larger  (125  x  125  and  500  x  500  pm^) 
detectors  have  lower  R^A  values  and  mediocre  unifor¬ 
mity  and  operability  because  the  majority  of  the 
125  X 125  devices  have  at  least  one  defect,  while  all  of 
the  500  X  500  ones  had  more  than  one. 


SUMMARY 

In  summary,  we  have  carried  out  a  study  and 
identified  that  MBE  HgCdTe  growth-induced  void 
defects  are  detrimental  to  photodiode  performance 
and  likely  account  for  the  reported  drop  in  MBE 
LWIR  FPA  operability.  We  showed  that  these  defects 
were  induced  during  nucleation  by  having  surface 
growth  conditions  which  were  deficient  in  Hg.  Precise 
control  and  reproducibility  of  the  CdZnTe  surface 
temperature,  as  well  as  of  the  beam  fluxes,  are  re¬ 
quired  to  minimize  such  defects.  Device  quality  mate¬ 
rial  with  void  defect  concentration  values  in  the  low 
10^  cm"2  range  were  demonstrated. 
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Dislocations  crossing  a  junction  in  HgCdTe  have  little  effect  on  detector 
responsivity,  but  are  known  to  reduce  the  zero  bias  impedance  R^A  and  increase 
the  leakage  current,  especially  at  low  temperatures  where  R^A  is  dominated  by 
tunneling  and  generation/recombination  processes.  We  have  calculated  the 
Coulomb  and  piezoelectric  fields  associated  with  dislocations  in  an  attempt  to 
interpret  their  effect  on  the  junction’s  transport  properties.  Dislocation  electric 
fields  can  affect  transport  since  they  are  superimposed  on  the  built-in  and 
applied  junction  fields  which  control  the  currents.  The  screening  of  the  fields  in 
the  neutral  region  is  consistent  with  the  dislocations’  small  effect  on  responsiv¬ 
ity.  Their  impact  in  the  space  charge  region  is  found  to  be  significant  and 
consistent  with  the  nonlinear  dependence  of  performance  on  dislocation  density. 
The  piezoelectric  potential  of  the  typical  60°  dislocation  in  a  sphalerite  crystal, 
and  the  Coulomb  potential  of  a  dislocation  crossing  the  junction  plane  other  than 
normally,  are  angularly  varying  in  the  junction  plane.  Angular  variation  of  the 
potentials  can  be  qualitatively  interpreted  as  an  angular  modulation  of  the 
potential  barrier.  Because  of  the  nonlinear  dependence  of  junction  currents  on 
the  barrier  (or  the  junction  potential),  the  angular  variation  of  the  currents  does 
not  vanish  upon  averaging.  We  find  that  the  range  of  the  Coulomb  potential  is 
too  small  to  account  for  a  major  portion  of  the  experimentally  reported  perfor¬ 
mance  degradation  but  may  be  responsible  for  the  reduction  of  R^A  at  cryogenic 
temperatures  and  low  dislocation  density,  and  that  the  longer  range  piezoelec¬ 
tric  potential  may  be  important.  We  also  find  that  superposing  the  potentials  of 
neighboring  dislocations,  because  of  the  nonlinear  dependence  of  junction 
leakage  currents  on  junction  potentials  may  account  for  the  observed  nonlinearity 
of  performance  degradation  with  dislocation  density  as  measured  by  etch  pit 
density. 

Key  words:  Dislocations,  HgCdTe,  piezoelectric,  transport  properties 


INTRODUCTION 

The  p-on-n  Hg^_^Cd^Te  (MCT)  double  layer 
heterojunction  (DLHJ)  mesa-diode-based  focal  plane 
arrays  (FPAs)  shown  in  Fig.  1  are  currently  leading 
the  art  in  long-wave  infrared  (LWIR)  applications. 
The  most  effective  structures  to  date  are  those  grown 
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by  liquid-phase  epitaxy  (LPE)  on  lattice-matched 
CdZnTe  substrates.  Typical  values  of  active  (n  layer) 
and  cap  (p  layer)  compositions  are  x  =  0.224^  and  x  > 
0.28,  respectively.  The  n  layers  are  typically  indium- 
doped  in  the  growth  process,  with  carrier  concen¬ 
trations  as  low  as  permitted  by  series  resistance  and 
capacitance  concerns,  but  usually  realized  at  >  2  x  10^^ 
cm"^.  The  cap  p+  layers  are  typically  arsenic  doped 
with  p  =  2  X  10^'^  cm"^.  The  metallurgical  p-n  junction 
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Fig.  1 .  Cross-sectional  view  of  DLHJ  mesa  diode. 


is  positioned  on  the  narrowgap  side  of  the  hetero¬ 
junction,  and  the  grading  width  is  chosen  to  minimize 
the  barrier  in  the  valence  band  that  occurs  in  such 
structures,  as  the  barrier  reduces  the  collection  effi¬ 
ciency  of  photon-induced  minority  carriers  (holes)  in 
the  n-layer  from  the  back-lit  array. 

The  virtues  of  the  DLHJ  are  that  the  major  ab¬ 
sorption  occurs  in  the  n-type  base  layer  where  the 
photon-induced  minority  carriers  are  holes.  The  mi¬ 
nority  carrier  lifetimes  of  holes  in  n-type  materials 
are  much  longer  than  those  of  electrons  in  p-type 
material,  which  compensates  for  the  mobility  differ¬ 
ence  between  electrons  and  holes.  As  a  result,  high 
quantum  efficiencies  are  possible,  and  lower  n-type 
carrier  concentrations  can  be  obtained.  In  addition,  at 
least  in  principle,  the  generation-recombination  (G- 
R)  and  tunneling  dark  currents  are  decreased  in  the 
heterojunction  compared  with  those  of  homojunctions, 
and  therefore  the  device  noise  is  less.  However,  even 
if  there  is  no  tunneling  current  reduction,  the  wider 
bandgap  still  prevents  interface-assisted  recom¬ 
binations  from  occurring  at  the  metal  contact  with  the 
p-cap  layer. 

There  is  ample  experimental  evidence^-^  that  dislo¬ 
cations  degrade  the  performance  of  MCT  IR  detec¬ 
tors;  dislocations  may  be  the  most  deleterious  of  the 
defects  limiting  the  capabilities  of  the  material.  The 
measurements  that  lead  to  these  conclusions  relate 
various  material  parameters  pertinent  to  detector 
performance  to  dislocation  density.  The  important, 
interrelated  parameters  in  the  thin  epitaxial  layers 
suitable  for  the  fabrication  of  LWIR  photovoltaic 
devices  are  minority  carrier  lifetime,  zero-bias  junc¬ 
tion  impedance  (RqA  product),  and  1/f  noise. 

Dislocations  are  thought  to  influence  the  electronic 
properties  of  semiconductors  primarily  through  their 
electric  field.  In  this  paper,  we  report  the  results  of 
analyses  of  the  space  charge  (Coulomb)  and  of  the 
piezoelectric  fields  associated  with  dislocations  in  an 


attempt  to  understand  the  mechanism  through  which 
they  affect  the  responsivity  and  dark  currents  at  low 
temperature. 

SUMMARY  OF  EXPERIMENTAL  RESULTS 

In  the  work  to  be  discussed,  dislocation  densities 
are  measured  by  etch  pit  densities  (EPDs).  The  etch 
pits  on  the  film  surface  are  associated  with  threading 
dislocations  that  are  assumed  to  penetrate  the  films. 

Shin  et  al.^  have  studied  the  relationship  between 
dislocation  density  and  minority  carrier  lifetime  in 
epitaxial  MCT  films  grown  by  LPE,  metalorganic 
chemical  vapor  deposition  (MOCVD),  and  molecular 
beam  epitaxy  (MBE).  At  small  dislocation  densities, 
minority  carrier  lifetime  is  not  affected  by  the  pres¬ 
ence  of  dislocations,  and  the  temperature  and  carrier 
concentration  dependence  of  the  lifetime  suggests 
Auger  recombination  at  high  temperature  (above 
150K)  and  Shockley-Read  recombination  for  T<150K. 
However,  even  in  samples  with  very  low  EPDs  (down 
to  pixels  with  no  etch  pits),  the  lifetime  and  the  R^A 
product  exhibit  great  variability,  sometimes  exceed¬ 
ing  an  order  of  magnitude. 

In  these  high-quality  samples,  the  transition  from 
Auger  to  trap-assisted  recombination  can  occur  a  T  as 
low  as  60K^.  We  take  this  observation  as  evidence  that 
the  ultimate  device  performance  limits  are  imposed 
by  recombination  centers  not  associated  with  thread¬ 
ing  dislocations.  In  the  low  temperature  range  of 
interest  for  IR  detectors,  for  EPD  densities  above  the 
mid- 10^  range  minority  carrier  lifetime  decreases 
with  dislocation  density  at  an  to  EPD-^^^  rate. 

The  observed  behavior  is  consistent  with  dislocations 
acting  as  Shockley-Read  recombination  centers  with 
a  trap  level  60  meV  above  the  valence  band  edge  and 
a  trap  density  proportional  to  EPD“^^^.  Although  not 
explicitly  stated,  the  results  reported  suggest  that 
dislocations  active  as  recombination  centers  are  likely 
to  carry  a  core  charge.  Similar  results  have  been 
reported  by  Baranskii  et  al.^  who  find  that  mobile 
dislocations  introduced  in  bulk  MCT  by  indentation 
give  rise  to  a  trapping  level  at  E^  +  50  meV  and  act  as 
impurity  getters.  Johnson  et  al.^  have  measured  the 
dependence  of  R^A  in  arrays  of  photovoltaic  (PV) 
diodes  on  dislocation  density  by  deliberately  using 
plastic  deformation  to  introduce  dislocations  in  local¬ 
ized  regions  and  carrying  out  the  measurement  on 
both  high  and  low  EPD  diodes  of  the  same  array.  They 
find  that  the  resistance  is  relatively  insensitive  to 
EPD  or  decreases  linearly  at  low  densities,  and  qua- 
dratically  at  high  densities.  The  nonlinear  behavior 
sets  in  at  small  dislocation  densities  (mid- 10^  cm-^  or 
less)  at  low  temperature  (40K),  at  higher  densities 
(>10^  cm-2)  at  78  and  120K. 

Measurements  of  the  temperature  dependence  of 
the  leakage  current  of  diodes  with  different  disloca¬ 
tion  densities  show  that  the  high  temperature  (diffu¬ 
sion  regime)  R^^A  is  not  affected  by  the  presence  of 
dislocations,  but  that  as  the  temperature  is  reduced 
below  150K,  the  R^A  values  diverge,  differing  by 
several  orders  of  magnitude  at  40K  and  below.  The 
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authors  interpret  the  low  temperature  leakage  cur¬ 
rent  as  G-R  current.  They  adopt  a  modeP  for  estimat¬ 
ing  the  reduction  of  the  minority  carrier  diffusion 
length  by  recombination  at  dislocations,  and  then 
account  for  the  inverse  quadratic  increase  of  the  dark 
current  at  high  dislocation  densities  by  the  ad  hoc 
assumption  that  closely  spaced  dislocation  pairs  con¬ 
tribute  a  conductance  that  exceeds  the  sum  of  the 
conductances  of  two  individual  dislocations.  We  shall 
point  out  below  that  such  nonlinear  behavior  may  be 
a  feature  of  tunneling  currents  associated  with  dislo¬ 
cations. 


CHARGED  DISLOCATIONS 

The  Coulomb  fields  associated  with  electrically 
charged  dislocation  cores  can  act  as  scattering  and 
recombination  centers  and  may  attract  or  repel 
charged  point  defects.  The  presence  and  amount  of 
charge  on  a  dislocation  core  depends  on  the  distribu¬ 
tion  of  localized  levels  in  the  bandgap  in  the  core  and 
on  the  Fermi  level  in  the  semiconductor.  Once  the  core 
structure  of  the  dislocation  has  been  determined,  we 
can  take  a  phenomenological  view  and  consider  only 
the  electric  field  and  potential  generated  by  a  given 
core  charge.  The  effective  radius  of  the  field  is  taken 
to  be  that  distance  from  the  dislocation  core  within 
which  the  field  is  large  enough  to  move  a  carrier  the 
distance  between  dislocations  in  a  minority-carrier 
lifetime  as  measured  in  dislocation-free  material.  In 
this  way,  we  define  a  volume  within  which  the  life¬ 
time  and  mobility  are  affected  by  the  presence  of  a 
charged  dislocation.  If  the  affected  volume  surround¬ 
ing  all  the  dislocations  is  a  significant  fraction  of  the 
total  volume,  then  their  presence  can  affect  lifetime 
and  mobility  and  hence  R^A.  This  relates  the  deple¬ 
tion  radius  R  or  screening  radius  Z  to  a  threshold 
dislocation  density  nj^.  The  results  of  the  calculation 
to  follow,  relating  dislocation  density,  effective  vol¬ 
ume,  and  temperature,  are  summarized  in  Fig.  2. 

The  bandgap  of  the  material  sets  the  boundary 
condition  for  the  potential  at  the  core  radius.  We 
assume,  conservatively,  a  core  radius  of  5A  and  a  core 
edge  potential  of  0.1  eV.  The  core  edge  potential  is 
limited  to  the  bandgap  by  free  carrier  accumulation. 
It  may  of  course  be  smaller,  in  which  case  the  volume 
over  which  the  dislocation’s  Coulomb  potential  can 
affect  performance  is  reduced.  We  shall  find  that, 
except  in  the  vicinity  of  the  metallurgical  junction  as 
discussed  below,  the  Coulomb  potential  is  not  a  major 
factor  affecting  performance.  Therefore,  this  con¬ 
servative  assumption  is  justified  for  providing  a  limit. 
We  represent  the  dislocation  core  by  a  cylindrical 
charge  density  -p  in  a  cylinder  of  radius  a  in  n-type 
material  with  donor  density  Nj^. 

We  calculate  the  Coulomb  field  both  using  the 
depletion  approximation  and  the  exact  space  charge 
equation,  which  takes  into  account  the  thermal  agita¬ 
tion  of  the  carriers.  The  exact  equation  must  be  used 
if  the  screening  radius  is  larger  than  the  depletion 
radius.  In  the  depletion  approximation,  the  charge 
density  is  assumed  to  be  equal  to  the  donor  density  out 


to  a  depletion  radius  R  and  zero  outside.  The  poten¬ 
tial,  depletion  radius,  and  core  charge  are  determined 
by  integrating  the  Poisson  equation  with  the  core 
edge  potential  as  boundary  condition.  Using  the  val¬ 
ues  given  above  results  in  a  plot  of  R  as  a  function  of 
carrier  density  shown  in  Fig.  2.  It  turns  out  that  the 
radius  is  close  enough  to  the  Debye  length  to  make  the 
depletion  approximation  questionable  at  low  tem¬ 
peratures,  where  the  intrinsic  carrier  density  is  small. 

The  exact  space  charge  equation  is 

where 


(p  = 


e(j)  ^2 
kT^^ 


ekT 

e^n, 


Ep-E, 

kT 


=  sinh"^ 


N„-N^ 

Hi 


For  (p  small  this  is 


ldd(pf2  2 

with  the  extrinsic  Debye  length 

^2  L"  „  ekT  2.77x10'  . 

°  “  coshcpp  ~  “  N„  ’  ' 

Then  with  x  =  rfh^  ,we  have  (1/x)  (d/dx)  x  (dcp/dx)  =  (p, 
the  zero  order  modified  Bessel  equation.  The  solution 
of  interest  is  the  decreasing  Hankel  function  Kq(x). 

The  depletion  approximation  is  only  valid  for 
r  <  R  -  Lp.  Since  R  and  Lj^  are  comparable,  the  exact 
expression  must  be  used.  We  let  (p  =  CKq(x)  and 
evaluate  C  from  (|)(a)  at  x  =  a/Lj^. 

The  electric  field  is 


d(|)  kT  d(p  kT  dcp  |nkT 

where  n  is  the  carrier  density. 

During  its  lifetime  t  a  carrier  moves  a  distance  Z,  the 


Fig.  2.  Depletion  radius  R  and  screening  radius  /  (meters)  at  40,  70, 
and  300K  as  functions  of  carrier  density  in  cm-®.  The  table  to  the  right 
of  the  figure  converts  the  screening  radius  of  the  left-hand-axis  to  the 
percent  volume  of  the  material  which  is  within  the  screening  volume  of 
a  dislocation  of  various  dislocation  densities. 
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Table  I.  Mobility  and  Lifetime  Values  for 
Screening  Radius  /  as  a  Function  of  n 

T,K 

[i,  cmWs 

T,S 

40 

1.9  X  10^ 

1  X  10-6 

78 

9x104 

3  X  10-7 

300 

1x104 

1  X  10-7 

mean  free  path  in  the  Coulomb  field,  given  by 


where  v  is  the  carrier’s  velocity  and  p  its  mobility. 
Given  the  lifetime  and  mobility,  this  expression  can 
be  solved  for  the  free  path  Z,  that  is  to  say,  the  distance 
the  carrier  drifts  before  recombining.  We  equate  this 
distance  with  the  effective  range  of  the  dislocation’s 
field,  which  we  identify  with  the  screening  radius. 
The  screening  radius  should  be  distinguished  from 
the  smaller  diffusion  length  an  electron  travels  in  a 
field  free  region  in  a  lifetime.  We  show  a  plot  of  the 
screening  radius  Z  as  a  function  of  n  for  T  =  40, 77,  and 
300K  in  Fig.  2.  To  compute  this  plot,  we  have  used  the 
values  of  mobility  and  lifetime  in  Table  I. 

As  expected,  Z  turns  out  to  be  larger  than  the 
depletion  radius,  confirming  the  need  for  the  more 
accurate  screening  theory.  With  the  parameters  we 
use,  the  calculation  of  the  screening  radius  over  five 
orders  of  magnitude  of  the  carrier  density,  and  over 
the  temperature  range  from  40  to  300K,  results  in 
values  of  Z  that  range  from  about  5  Lj^  at  n  =  10^^  cm-^ 
to  10  Lj3  at  n  =  10^^  cm“^,  resulting  in  a  rate  of  decrease 
of  Z  with  carrier  density  at  a  rate  slightly  slower  than 
At  the  higher  temperatures,  the  intrinsic  car¬ 
rier  densities  exceed  Nj^  and  the  screening  radius 
would  be  smaller. 

The  carrier  density  in  the  neutral  region  of  the 
device  material  generally  equals  or  exceeds  10^^  cm"^. 
The  screening  length  at  this  carrier  density,  even  at 
room  temperature,  is  less  than  6  pm,  and  it  is  only 
about  3  pm  at  40K.  Therefore,  we  can  conclude  that  in 
the  presence  of  mobile  carriers,  especially  at  cryo¬ 
genic  temperatures,  the  core  charge  fields  have  a 
limited  range.  This  is  also  consistent  with  the  obser¬ 
vations  of  Johnson  et  al.^  that  the  responsivity  of  p  on 
n  heterojunction  devices  (dependent  on  diffusion  in 
the  neutral  region)  is  little  affected  even  by  high 
dislocation  densities. 

The  situation  is  less  clear  in  the  vicinity  of  the 
metallurgical  junction  of  the  p-n  diode  detector.  In 
this  region,  the  carrier  density  is  reduced  to  the 
intrinsic  value  n^  under  zero  bias,  and  below  that  with 
reverse  bias.  We  estimate  a  value  of  n.  about  5  x  10^^ 
cm-3  for  Hgo  gCdo  2Te  at  40K,  with  a  decrease  of  about 
a  factor  of  two  for  every  5  mV  of  reverse  bias.  This 
reduction  of  the  carrier  density  is  confined  to  a  small 
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region,  and  an  assessment  of  its  quantitative  effect 
will  require  detailed  computation.  Nonetheless,  it  is 
worth  observing  that  we  estimate  a  screening  radius 
of  45  pm  for  this  carrier  density.  This  is  consistent 
with  the  experimental  finding^  that  R^A  at  this 
temperature  is  already  decreasing  with  dislocation 
densities  in  the  10^  cm-^  range,  corresponding  to  this 
order  of  separation  between  dislocation  lines.  The 
literature  values  of  n^  =  1.2  x  10^^  cm"^  at  77  K  and  n^ 
=  4.0  X  10^^  cm-^  at  300K^  correspond  to  progressively 
shorter  screening  lengths,  which  is  also  consistent 
with  the  experimental  observation  that  the  decrease 
in  RqA  with  dislocation  density  has  a  higher  threshold 
at  the  higher  temperature. 

Because  its  form  is  geometrically  simpler  and  more 
readily  visualizable  in  this  context,  we  have  discussed 
screening  entirely  in  connection  with  the  effect  of  core 
charges.  It  should  be  kept  in  mind  that  similar, 
although  quantitatively  different,  considerations  ap¬ 
ply  to  the  screening  of  the  piezoelecitrically  induced 
potentials,  to  be  discussed  next. 

DISLOCATION  STRAIN  FIELDS  AND 
PIEZOELECTRIC  POTENTIALS 

The  MCT  crystal  structure  lacks  inversion  symme¬ 
try  and  it,  therefore,  is  piezoelectric.  In  a  piezoelectric 
crystal,  the  strain  field  around  a  dislocation  may 
generate  an  electric  field.  Conversely,  an  electric  field 
applied  to  a  piezoelectric  crystal  can  produce  a  stress 
that  may  deform  the  crystal.  This  self-consistent  field 
problem  has  been  treated  rigorously  for  a  straight 
dislocation  in  a  homogeneous  insulating  crystal  (in¬ 
trinsic  wide  gap  semiconductor)  by  Saada.®  The  gen¬ 
eral  analysis  was  extended  by  Faivre  and  Saada^  to 
include  the  effects  of  screening  by  free  carriers.  Sev¬ 
eral  qualitatively  significant  conclusions  can  be  drawn 
from  this  work: 

•  The  strains  are  only  slightly  affected  by  the 
electric  field;  that  is,  the  inverse  piezoelectric 
effect  is  small,  and  the  electric  field  can  be  calcu¬ 
lated  directly  without  imposing  the  requirement 
of  self-consistency. 

•  The  electric  field  in  the  vicinity  of  the  dislocation 
core  can  be  quite  large,  and  the  dislocation  can 
interact  strongly  with  charges  (point  defects  or 
mobile  carriers)  in  its  vicinity. 

•  In  a  semiconductor,  the  dislocation  preferentially 
traps  carriers  of  a  particular  sign. 

•  The  estimated  screening  distance  is  of  the  order 
of  several  Debye  lengths. 

Booyens  and  Vermaak^^  have  applied  Saada’s  analy¬ 
sis  to  (110)/(111)  dislocations  in  zinc-blende  III-V 
semiconductors  and  Booyens  and  Basson^^  to  CdTe 
and  MCT.  They  do  not  explicitly  include  the  effects  of 
screening  as  analyzed  by  Faivre  and  Saada^  in  these 
calculations.  As  a  result,  they  find  that  an  uncharged 
dislocation,  in  the  absence  of  screening,  generates  a 
net  radial  field.  They  then  suggest  that  the  disloca¬ 
tion  core  is  likely  to  acquire  a  charge  that  compen¬ 
sates  for  the  radial  field  and  so  minimizes  the  total 
energy  of  the  dislocation. 
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We  have  extended  the  analysis  to  the  commonly 
observed  60°  dislocations  in  intrinsic  MCT.  The  dislo¬ 
cation  lies  along  [lOll  and  has  a  Burgers  vector  b  at 
60°  to  the  dislocation  line  The  edge  component  b  of 
the  Burgers  vector  is  chosen  as  x^;  is  the  normal  to 
the  slip  plane;  and  x^  is  The  transformation  matrix 
from  principal  axis  coordinates  is 

f  1  -2  1 

^/2  a/2  V2 


«  V6 


#  0  a/3  J 


The  transformation  of  the  piezoelectric  tensor  is 

^ijk  ”  '^ip'^jq'^krdpqr  * 

In  cubic  S5nnmetry  and  principal  axis  coordinates, 
all  the  nonzero  components  of  the  piezoelectric  tensor 

are  equal,  d^23  ”  ^132  “  ^231  “■  ^213  “  ^312  ”■  ^321  ” 
nonzero  components  of  the  transformed  tensor  (dO 


j/  __  j/ 

a  133  -  U  313  : 


A'  --A'  -  — 

'  ^  331  “  ^  111""  ^ 


J/  __  1/  T/  J/  J/  J/  ^ 

^  112  ”  ^  121  “  ^  211  “  ^  233  ”  ^  323  ■"  ^  332  “  ^  ’ 

rl'  -  ^  (-n 

d  222-  a/3- 

The  piezoelectrically  induced  bound  charge  density 


all  others  zero. 

Using  Eq.  (1)  and  Eq.  (2)  shows  immediately  that  for 
this  case  p  =  0. 

Even  in  anisotropic  linear  elasticity  (assuming  the 
dielectric  constant  isotropic),  the  screw  component  of 
the  60°  dislocation  induces  no  piezoelectric  effect. 
Therefore,  pure  screw  <110>  dislocations  will  also 
show  no  piezoelectric  activity  even  if  they  are  dissoci¬ 
ated.  We  now  proceed  to  consider  the  edge  component. 
In  order  to  arrive  at  a  transparent  expression,  we  will 
make  the  isotropic  elastic  approximation.  This  will 
not  affect  the  order  of  magnitude  calculations  that 
follow. 

For  an  edge  dislocation,  with  v  Poisson’s  ratio 


b  ^  1  Xo  x.Xg 

u  =  —  tan~^  —  -h  — - - r  , 

2n  x^  2(1“  v)(x2 -Hx|) 


2n  I  4(1- v) 


4(l-v)(x2+x|)J’ 


U3=0. 


The  nonzero  strain  components  are 


2n 


b  (l-2v)x® +  (3-2v)xfx2 
2n  2(v  -  l)(x2  +  x|)^ 

b  (l-2v)x3 -(1+2v)x2x2 
2%  2(v- l)(xf +x|)^ 


p(r)  =  j with  e ^ e (2) 

where  e  is  the  isotropic  dielectric  constant,  is  the  jk 
component  of  the  strain  tensor,  and  summation  over 
repeated  indexes  is  implied. 

For  a  screw  dislocation  in  linear  anisotropic  theory, 
the  displacements  are 


U,=  U2=0,U3 


•— tan-'A  ^ 
2n  x„ 


where  bg  is  the  screw  component  of  the  Burgers 
vector,  and 


2Jt  2(v-l)(xf +  x|) 


From  Eq.  (2)  and  Eq.  (1), 


pW  -  ^  (d  j  +  2d  112^12,1 
+  d  211^11,2  ^  222^22, 2^ 

SO,  substituting  the  components  of  the  piezoelectric 
tensor  from  Eq.  (1)  and  evaluating  the  strain  tensor 
gradient,  we  find 


p(x^,X2)  =  “  2e^2,i  “  ^11,2  '^  ^^22, 2) 


^H;H  =  2c44  +  c 


'44  ^  ^12  '"11* 


Here  c^^  and  c'^^  are  the  components  of  the  elastic  tensor 
in  the  principal  axis  and  transformed  coordinate 
systems,  respectively.  The  nonzero  components  of  the 
strain  tensor  are,  using 

e..  =  —  (uy  -I- Uj .  ej^g  =  eg;^  and  e23  =  egg. 


bd  (2v  -  3)x^  -  2V2(2v  +  l)x^xl 

271  VSe  2(v  -  l)(xf  +  x^y 

30x2x2  +  2V2(3  “  2v)x3x2  -  (2v  +  7)xJ 
2(v-l)(x2  +  x2f 


When  this  expression  is  converted  to  polar  coor¬ 
dinates  in  the  x^Xg  plane  (xy  plane),  it  becomes  a 
somewhat  simpler  expression  with  angular  terms 
having  quadrupole  and  hexadecapole  form: 
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with 

_  (2v - 3)  cos 49-4COS 29  +  3 
2{v-l)  Sr^  ’ 

_  2a/2  (2v  + 1)  sin  49-2  sin  29 
2(v-l)  8r2  ’ 

_  30  1-COS49 

'’"“2(v-l)  8r2  ’ 

2V2  (3  -  2v)  sin  49  +  2  sin  29 
2(v-l)  8r2  ’ 

_  (2v  +  7)  cos  40  +  4  cos  29  +  3 
^®“”2(v-l)  8r2 

so 

bd  1 
47rV3e(l- v) 

[5  cos  49  -  V2  sin  49  +  2(1+ v)  cos  20  -  -72(1  -  2v)  sin  20] 
cos(n0)  +  sin(n0)] 

n=2,4 

which  defines  a  useful  constant  C,  and  four  parameters 
depending  only  on  Poisson’s  ratio. 

This  simple  expression  reveals  the  charge  density 
to  have  an  inverse  square  decay  and  quadrupole  and 
hexadecapole  terms  only.  Note  in  particular  that 
there  is  no  monopole  term  and  hence  no  net  piezoelec¬ 
tric  charge  induced  on  the  dislocation  line.  This  rather 
transparent  expression  has  not  been  revealed  in  pre¬ 
vious  work  (Refs.  10,  11). 

To  obtain  the  piezoelectric  potential,  we  need  to 
solve  the  Poisson  equation  =  -47cp/£  with  this 
charge  distribution  as  the  source.  In  two  dimensions, 
the  formal  solution  of  the  Poisson  equation  is 

4>(r,9)  = 

r  /' 

—  f”  r'dr'  f ’'d9'  In — +  y  —  —  cos  m(9  -  9')  p(r') 

=  —  y — jj"  d9'[sin(m9)  sin(m9')  +  cos(m9)  cos(m9')] 

'c\ '  f  y 

X  X  [a„  cos(n9')  +  b„  sin(n90]j”^  ^ 

n=2,4  r 

where  r^  and  r^  are  the  greater  and  lesser,  respectively, 
of  r  and  r'.  In  analogy  with  the  solution  for  the  elastic 
field,  the  integral  diverges  at  the  origin  because  of  the 
dependence  of  p.  To  deal  with  this  difficulty,  we 
adopt  the  same  procedure  that  is  used  to  avoid  the 


divergence  of  the  elastic  energy  of  a  dislocation  at  the 
origin  in  continuum  theory.  We  set  cutoffs  at  an  inner 
radius,  and  an  outer  radius,  Rg.  The  cutoff  at  R^ 
removes  the  core  singularity  and  the  cutoff  at  Rg 
allows  p  to  be  expanded  in  multipoles.  Later,  we  will 
identify  R^  as  the  core  radius  and  we  will  let  R2 
We  now  have 


for  r  <  Rg.  For  r  >  R2,  we  have 


<I)(r,0)  =  c|”[a4COs(40)-hb4sin(40)]^ 


-H — [a2  cos(20)  +  bg  sin(20)]  — 


which  is  a  multipole  potential.  The  two  solutions  are 
matched  at  R2.  We  can  now  let  R2^ and  neglect  the 
terms  in  R^,  which  amount  to  a  small  correction  near 
the  core,  to  get  a  potential  valid  for  r  »  R^ 

O(r,0)  = 

cj-^  [a^  cos(40)  +  b^  sin(40)]  +  --  [a^  cos(20)  sin(20)]| 

which  is  independent  of  r. 

This  rather  surprising  behavior  is  a  consequence  if 
the  inverse  square  decay  of  the  charge  density.  In  this 
connection,  we  can  pursue  the  analogy  with  the  well- 
known  elastic  solution  for  an  edge  dislocation  by 
pointing  out  that  while  the  elastic  energy  per  unit 
length  is  given  by 

4jt(l-v)[  Rj  2j 

(where  |X  is  the  isotropic  shear  modulus),  the  piezo¬ 
electric  energy  per  unit  length  is  (taking  v  =  0.3) 


9n^C^ 

1.6 


R^  8 


which  is  six  orders  of  magnitude  smaller,  justif5dng 
our  neglecting  the  reverse  piezoelectric  effect.  In  both 
cases,  the  first  term  comes  from  the  energy  in  an 


infinite  cylinder  integrated  to  R2  which  diverges  loga¬ 
rithmically,  and  the  second  term  is  the  effect  of  the 
cylindrical  surface  bounding  the  dislocation  in  a  finite 
crystal  (the  image  term). 

For  a  good  numerical  calculation,  we  would  need 
the  piezoelectric  constant  of  the  alloy,  which  has  not 
been  determined.  For  an  order-of-magnitude  esti¬ 
mate,  we  can  use  the  piezoelectric  constant  of  CdTe, 
3  X  10"^  coul  cm"2.  The  Burgers  vector  is  4  x  10“®  cm, 
and  Poisson’s  ratio  can  be  taken  as  0.3.  Using  these 
values,  we  have  computed  the  charge,  potential,  and 
field  plots  of  Figs.  3a-3c. 

It  should  be  understood  that  because  of  the  sym¬ 
metry  of  the  strain  field  associated  with  a  straight 
dislocation,  several  of  the  possible  sources  of  the 
piezoelectric  potential  are  identically  zero.  In  the 
reduced  symmetry  of  curved  dislocations,  kinks,  and 
jogs,  these  components  of  the  potential  do  not  vanish 
and  may  be  significant. 

AVERAGING  NONLINEAR  EFFECTS 

The  results  we  have  obtained  afford  a  qualitative 
insight  into  the  effect  of  the  piezoelectric  potential  on 
the  characteristics  of  a  pn  junction  threaded  by  a 
dislocation.  The  angular  variation  of  the  potential 
will  alternately  add  to  and  subtract  from  the  built-in 
potential  of  the  junction,  so  that  the  barrier  seen  by  a 
carrier  crossing  the  junction  will  depend  on  its  trajec¬ 
tory.  The  modification  of  the  built-in  potential  due  to 
the  angularly  varying  piezoelectric  potential  can  in¬ 
crease  or  lower  the  barrier  seen  by  a  carrier  crossing 
the  junction  in  a  direction  other  than  perpendicu¬ 
larly.  Because  of  the  strongly  nonlinear  dependence 
of  both  diffusion  and  tunneling  currents  on  the  bar¬ 
rier,  the  effect  of  such  a  barrier  variation  does  not 
average  to  zero  and  the  currents  can  be  enhanced  by 
a  large  factor.  To  illustrate  the  principle,  we  choose  as 
an  example  the  average  tunneling  probability  for 
carriers  crossing  a  narrow  semiconductor  junction. 

The  band-to-band  tunneling  probability  has  the 
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Fig.  4.  Angular  variation  of  the  piezoelectric  charge  and  potential 
normal  to  a  60°  dislocation  line. 
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form  p  =  exp(-CB^^2)  where  B  is  the  barrier  and  where 
C  is  a  constant  containing  all  the  other  material 
parameters. 

We  crudely  represent  the  effect  of  the  dislocation 
potential,  which  makes  the  tunneling  barrier  a  func¬ 
tion  of  the  carrier’s  trajectory,  as  an  angular  variation 
of  the  barrier  of  the  form  B  =  B^d  +  Asin0)  (it  will  be 
apparent  presently  that  the  detailed  form  of  the 
angular  variation  is  irrelevant  for  this  argument).  It 
is  likely  that  this  representation  of  the  piezoelectric 
potential  introduced  by  a  dislocation  can  be  justified 
by  a  WKB  calculation. 

If  A  is  small  compared  with  unity,  we  have  B^^^  _ 
+  (3/2)Asin0]  (this  approximation  is  taken  purely 
to  simplify  the  arithmetic  and  has  no  effect  on  the 
argument).  We  can  now  compute  an  average  of  p 


1  1*2^  I 

2n  I 


<p>= 


-CBf  1+-Asin0 


Po 
2n 


r2n 

Jo 


—  CBnAsin0 


d0- 


|d0  =  p,I,|-CB,A 


Bessel  function  ranges  from  near  unity  to  about  ten. 

As  another  consequence  of  the  type  of  nonlinearity 
examined  here,  the  effect  of  overlapping  piezoelectric 
potentials  of  neighboring  dislocations  is  expected  to 
be  enhanced  over  what  might  be  expected  from  linear 
superposition.  This  may  be  a  possible  clue  to  the 
observed  inverse  faster  than  linear  falloff  of  RqA  with 
dislocation  density. 

CONCLUSIONS 

We  have  evaluated  the  electric  fields  associated 
with  dislocation  charges  and  strain  fields  and  esti¬ 
mated  their  effects  on  junction  performance.  We  con¬ 
clude  that  the  fields  associated  with  core  charges 
alone  are  not  likely  to  account  for  the  observed  degra¬ 
dation  of  junction  performance.  The  longer  range 
piezoelectric  potentials,  which  we  have  calculated 
explicitly  for  the  common  60°  dislocation,  are  likely  to 
have  a  larger  effect,  especially  on  R^A  through  the 
tunneling  leakage  current.  The  effect  of  the 
nonlinearity  of  the  junction  characteristic  on  R^A  is 
examined  and  is  proposed  as  a  mechanism  to  account 
for  observed  nonlinear  behavior. 
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where  Iq(x)  is  the  modified  zero  order  Bessel  function 
and  Po  is  the  tunneling  probability  in  the  absence  of 
any  dislocations.  From  this  last  form,  it  is  apparent 
that  the  average  tunneling  probability  could  have 
been  written  as 

<P>=PoIo[|^HPo|]- 

It  is  apparent  that  although  the  fractional  barrier 
“angular  modulation”  A  is  small,  the  argument  of  the 
Bessel  function  need  not  be,  and  the  factor  multiply¬ 
ing  the  unmodulated  barrier  transition  probability 
can  be  quite  large.  It  is  also  evident  that  any  other 
angular  variation  would  lead  to  very  similar  results. 
The  angular  variation  A  can  be  estimated  from  the 
angular  potential  plots  of  Fig.  4  to  be  roughly  0.05- 
0.1.  The  parameters  determining  p^  (effective  mass, 
doping,  temperature,  etc.)  cover  a  wide  range.  For 
typical  values  of  these  parameters,  the  multipl3dng 
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Dislocation  Profiles  in  HgCdTe(IOO)  on  GaAs(100)  Grown 
by  Metalorganic  Chemical  Vapor  Deposition 

H.  NISHINO,  S.  MURAKAMI,  T.  SAITO,  Y.  NISHIJIMA,  and 
H.  TAKIGAWA 

Fujitsu  Laboratories  Ltd.,  10-1  Morinosato-Wakamiya,  Atsugi  243-01,  Japan 

We  studied  dislocation  etch  pit  density  (EPD)  profiles  in  HgCdTe(lOO)  layers 
grown  on  GaAs(lOO)  by  metalorganic  chemical  vapor  deposition.  Dislocation 
profiles  in  HgCdTe(lll)B  and  HgCdTe(lOO)  layers  differ  as  follows:  Misfit 
dislocations  in  HgCdTe(lll)B  layers  are  concentrated  near  the  HgCdTe/CdTe 
interfaces  because  of  slip  planes  parallel  to  the  interfaces.  Away  from  the 
HgCdTe/CdTe  interface,  the  HgCdTe(lll)B  dislocation  density  remains  almost 
constant.  In  HgCdTe(lOO)  layers,  however,  the  dislocations  propagate  mono- 
tonically  to  the  surface  and  the  dislocation  density  decreases  gradually  as 
dislocations  are  incorporated  with  increasing  HgCdTe(lOO)  layer  thicknesses. 

The  dislocation  reduction  was  small  in  HgCdTe(lOO)  layers  more  than  10  pm 
from  the  HgCdTe/CdTe  interface.  The  CdTe(lOO)  buffer  thickness  and  disloca¬ 
tion  density  were  similarly  related.  Since  dislocations  glide  to  accommodate  the 
lattice  distortion  and  this  movement  increases  the  probability  of  dislocation 
incorporation,  incorporation  proceeds  in  limited  regions  from  each  interface 
where  the  lattice  distortion  and  strain  are  sufficient.  We  obtained  the  minimum 
EPD  in  HgCdTe(  100)  of  1  to  3  x  10®  cm-^  by  growing  both  the  epitaxial  layers  more 
than  8  pm  thick. 

Key  words:  CdTe  buffer,  dislocation,  etch  pit  density  (EPD),  HgCdTe, 
incorporation  of  dislocations,  lattice  mismatch  strain, 
metalorganic  chemical  vapor  deposition  (MOCVD),  slip  plane 


INTRODUCTION 

Heteroepitaxial  growth  of  CdTe  or  HgCdTe  on  GaAs 
has  been  studied  tor  use  in  fabricating  large-area 
infrared  focal  plane  arrays.  Metalorganic  chemical 
vapor  deposition  (MOCVD)  is  one  of  the  most  promis¬ 
ing  techniques  for  growing  HgCdTe,  because  of  its 
high  throughput  and  suitability  for  large-area  sub¬ 
strates. 

Direct  alloy  growth  (DAG)^*^  and  the  interdiffused 
multilayer  process  (IMP)®>^  were  developed  to  prepare 
HgCdTe  layers  by  MOCVD.  In  DAG,  an  epitaxial 
layer  of  the  alloy  is  grown  by  suppl3dng  all  the  sources 
simultaneously.  In  IMP,  thin  epitaxial  layers  of  CdTe 
and  HgTe  are  grown  alternately  and  interdiffused 
completely  to  form  the  alloy  by  annealing.  Direct  alloy 
growth  produces  a  poorer  compositional  uniformity 
than  IMP®’®  because  of  the  very  different  formation 
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energies  of  CdTe  and  HgTe.  But  recent  advances  such 
as  using  a  multinozzle  injector'^  or  a  wide  reaction  cell® 
can  solve  this  problem.  Historically,  DAG  has  been 
expected  to  produce  a  lower  dislocation  density  than 
IMP®  because  the  IMP  layers  contain  many  interfaces 
with  growth  interruptions  which  increase  misfit  dis¬ 
locations. 

Metalorganic  chemical  vapor  deposition  forms  both 
HgCdTe(100)2>9  and  HgCdTe(lll)Bi®’ii  epitaxial  lay¬ 
ers  on  GaAs(lOO)  substrates  because  of  the  large 
lattice  mismatch  (14.6%)  between  GaAs  and  CdTe 
buffer  layers.  HgCdTe(lOO)  layers  have  a  higher  ar¬ 
senic  doping  efficiency  than  HgCdTe(lll)B  layers. 
Since  arsenic  is  a  commonly  used  acceptor  which 
diffuses  slowly  in  HgCdTe^®  and  donor  doping  is  easy 
for  both  orientations,^^’^®  HgCdTe(lOO)  is  an  attrac¬ 
tive  plane  for  constructing  abrupt  pn  junctions  for 
infrared  photodiodes. 

High-quality  long-wavelength  infrared  detectors 
require  HgCdTe(lOO)  layers  with  a  low  dislocation 
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HgCdTe  thickness  (pm) 


Fig.  1.  Etch  pit  density  thickness  profiles  In  HgCdTe(111)B  and 
HgCdTe(1 00)  layers  CdT e  buffer  thickness  for  both  layers  is  4  to  5  ^im. 


Fig.  2.  Propagation  of  misfit  dislocations  in  HgCdTe/CdTe/GaAs(100) 
with  two  epitaxial  orientations  (111)B  and  (100).  Dislocations  are 
generated  at  each  interface  and  propagate  along  {111}  slip  planes. 


density,^®  but  the  dislocation  density  in  HgCdTe  lay¬ 
ers  grown  on  GaAs  substrates  is  high  because  of  the 
large  lattice  mismatch.  Dislocations  in  HgCdTe(  1 1 1)B 
on  CdZnTe(  1 1 1)B  grown  by  liquid  phase  epitaxy  (LPE) 
have  been  well  studied^^’^®  but,  to  our  knowledge  a 
study  of  MOCVD-grown  HgCdTe  layers  has  not  been 
published.  We  studied  the  dislocation  profiles  in 
HgCdTe(lOO)  on  GaAs(lOO)  grown  by  MOCVD  (DAG). 
We  considered  the  dependence  of  the  dislocation  den¬ 
sity  on  the  thickness  of  both  the  HgCdTe  and  CdTe 
buffer  layers  and  the  dislocation  reduction  mecha¬ 
nism  in  these  layers. 

EXPERIMENTAL 

We  did  the  epitaxial  growth  in  a  horizontal  reactor 
with  multiple  nozzles  and  a  rotatiing  graphite 
susceptor  heated  by  radio  frequency  induction.^®  We 


HgCdTe(IOO)  thickness  (pm) 

Fig.  3.  Etch  pit  density  thickness  profiles  in  HgCdTe{1 00)  layers  grown 
on  different  thick  CdTe(IOO)  buffer  layers. 

used  3  inch  GaAs  substrates  (100)  misoriented  2° 
toward  the  nearest  (110).  To  improve  the  composi¬ 
tional  uniformity,  we  simultaneously  injected  the 
three  precursors,  dimethylcadmium  (DMCd),  diiso- 
propyltelluride  (DIPTe),  and  elemental  mercury  (Hg) 
into  the  reactor  from  different  nozzles. 

We  preheated  the  GaAs  substrates  at  600°C  for  20 
min  and  grew  the  CdTe  buffer  layers  at  410°C  under 
low  pressure  (150  Torr)  to  improve  thickness  unifor¬ 
mity.  Since  we  grew  both  (100)  and  (lll)B  oriented 
layers  to  compare  dislocation  profiles,  before  buffer 
growth,  we  treated  the  substrates  as  follows.  To 
obtain  the  CdTe(lll)B  layer,  we  first  introduced 
DIPTe  into  the  reactor  at  410°C,  which  formed  a 
relatively  Te-poor  Ga-As-Te  interfacial  phase  and 
caused  (lll)B  growth.^®’^^  To  form  the  CdTe(lOO) 
layer,  we  supplied  DMCd  and  DIPTe  simultaneously. 
We  also  deposited  the  CdTe  buffer  layers  for  each 
orientation  under  different  VT/II  source  gas  ratios  and 
growth  rates  a  relatively  high  VI/II  ratio^^  and  a 
growth  rate  of  2  pm/h  for  the  (lll)B  layer  and  a 
relatively  low  VI/II  ratio^^  and  a  growth  rate  of  3  pm/ 
h  for  the  (100)  layer. 

We  grew  the  HgCdTe  layers  at  360°C  imder  at¬ 
mospheric  pressure.  After  growing  the  CdTe(lOO) 
buffers,  we  cleaved  the  substrates  into  small  pieces 
and  loaded  several  samples  with  different  buffer 
thicknesses  (4  to  18  pm)  together  into  the  reactor.  We 
deposited  HgCdTe(lOO)  layers  on  the  substrates  at 
the  same  time  to  prevent  unintentional  differences  in 
the  run  affecting  the  dislocation  profiles.  We  grew  the 
HgCdTe(lll)B  layers  on  full  3  inch  substrates  in 
another  growth  run  because  the  optimum  growth 
conditions,  such  as  Hg  partial  pressure,  differ  from 
those  for  HgCdTe(lOO)  growth.  The  HgCdTe  growth 
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rate  was  2.5  |iin/h. 

We  evaluated  the  HgCdTe  layers  dislocation  den¬ 
sity  from  the  defect  etch-pit  density  (EPD)i^  by  step¬ 
etching  the  samples.  We  determined  the  HgCdTe 
layers  thicknesses  by  controlling  the  step-etching 
rate  with  a  bromine  (Br)  methanol  solution.  The 
Hgi_^Cd^Te  layer  composition  (x-value)  which  we  de¬ 
termined  by  room-temperature  infrared  transmis¬ 
sion  was  X  =  0.20  to  0.25. 

RESULTS 

EPD  Profiles  in  HgCdTe  (100)  and  (lll)B 

The  HgCdTe(lll)B  layer’s  EPD  remained  almost 
constant  except  near  the  HgCdTe/CdTe  interface 
where  misfit  dislocations  were  generated  (Fig.  1). 
This  profile  is  similar  to  that  in  HgCdTe(  1 1 1)B  layers 
grown  by  LPE^"^  but  the  EPD  values  are  higher  due  to 
the  large  lattice  mismatch  at  the  CdTe/GaAs  inter¬ 
face.  In  contrast,  dislocations  spread  into  the 
HgCdTe(  100)  layer  and  the  EPD  gradually  decreases. 
The  EPD  values  in  the  HgCdTe(  100)  layer  were  higher 
than  those  in  the  HgCdTe(  1 1 1)B  layer  when  the  CdTe 
buffer  thicknesses  were  the  same  (4  to  5  pm).  The 
dislocation  profiles  in  the  CdTe  buffer  layers  are 
probably  similar  to  those  in  the  HgCdTe  layers  for 
both  (100)  and  (lll)B  orientations. 

The  difference  in  the  EPD  profiles  is  due  to  the 
different  angles  between  the  intertaces  and  the  slip 
planes  where  dislocation  lines  are  most  easily  gener¬ 
ated  (Fig.  2).  In  CdTe  and  HgCdTe,  the  {111}  planes 
are  the  slip  planes.  The  interfaces  in  (lll)B  layers  are 
parallel  to  the  (111)  slip  planes  and  most  misfit 
dislocations  from  the  interfaces  propagate  along  the 
slip  plane  through  the  epitaxial  layers.  Since  disloca¬ 
tion  lines  terminate  at  the  side  of  epitaxial  layers,  the 
high  EPD  values  in  (lll)B  layers  near  the  interfaces 
decrease  rapidly.  In  contrast,  misfit  dislocations  gen¬ 
erated  at  the  interfaces  in  (100)  layers  propagate 
monotonically  to  the  growth  surface  because  the  {111} 
slip  planes  are  not  parallel  to  the  (100)  interfaces.  The 
dislocation  density  in  (100)  layers  decreaes  gradually 
as  dislocation  lines  approach  each  other  and  make 
dislocation  loops  that  incorporate  dislocations. 

Dependence  of  EPD  on  (100)  Layer  Thickness 

We  measured  the  EPD  profiles  in  the  HgCdTe(lOO) 
layers  with  three  different  buffer  thicknesses  (Fig.  3). 
Each  HgCdTe(lOO)  layer’s  EPD  decreased  as  the 
HgCdTe  layer  thickiness  increased,  although  the  rate 
of  decrease  was  very  slow  in  the  region  more  than  10 
pm  from  the  HgCdTe/CdTe  interface.  The  minimum 
EPD  value,  obtained  by  increasing  the  HgCdTe  layer 
thickness,  was  governed  by  the  CdTe  buffer  layer 
thickness.  Although  the  EPD  in  HgCdTe  with  a  4  pm 
buffer  reached  3  to  5  x  10®  cm-^,  we  obtained  an  EPD 
below  2  X  10®  cm-2  for  an  8  pm  buffer.  Most  residual 
dislocations  in  the  HgCdTe(lOO)  layers  were,  there¬ 
fore,  threading  dislocations  from  the  butfer  layers. 
Misfit  dislocations  generated  at  the  HgCdTe/CdTe 
interface  did  not  significantly  affect  the  dislocation 


density  away  from  the  interface. 

We  plotted  the  dependence  of  the  HgCdTe(lOO) 
layer’s  EPD  on  the  thickness  of  the  CdTe(lOO)  buffer 
layers  (Fig.  4).  The  HgCdTe  layer’s  EPD  decreased 
with  increasing  CdTe  buffer  thickness;  however,  the 
EPD  of  the  layers  with  8  pm  and  with  18  pm  thick 
buffers  were  almost  the  same.  This  suggests  that  the 
dislocation  density  in  the  CdTe(lOO)  buffer  layers  did 
not  decrease  in  the  region  more  than  8  pm  from  the 
CdTe/GaAs  interface.  This  is  similar  to  the  relation¬ 
ship  between  the  EPD  and  the  HgCdTe(lOO)  thick¬ 
ness. 

By  growing  both  HgCdTe  and  CdTe  layers  more 
than  8  pm  thick,  we  obtained  a  reproducible  EPD 
value  of  1  to  3  X  10®  cm-^  (Table  I).  This  is  comparable 
to  the  dislocation  reduction  which  Shin  et  al.  achieved 
in  MOCVD-grown  HgCdTe(  100)  layers  using  thermal 
cycle  annealing.2^  To  our  knowledge,  our  best  value  of 


CdTe(100)  buffer  thickness  (|jm) 

Fig.  4.  Dependence  of  EPD  at  several  depths  in  HgCdTe(IOO)  layers 
on  CdTe(100)  buffer  layers. 


Table  I.  Reproducibility  of  Low-EPD  HgCdTe(lOO) 
Layers  with  HgCdTe  and  CdTe  Buffer 
Thicknesses  Greater  than  8  pm 


Layer  Index 

Thickness  (pm) 
CdTe  HgCdTe 

EPD  X  10® 
(cm-2) 

101 

9 

10 

2.1 

102 

8 

8 

3.4 

103A 

9 

12 

1.7 

103B 

18 

12 

1.5 

104A 

8 

16 

0.9 

104B 

18 

16 

0.9 

201 

8 

12 

3.0 

305 

8 

13 

2.4 

307 

8 

13 

2.2 

Note:  We  prepared  layers  103A,B  and  104A,B  in  the  same  HgCdTe 
growth  runs.  We  grew  layers  201  and  307  on  full  3  inch  wafers. 
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Fig.  5.  Dislocation  gliding  in  epitaxial  layers. 


^  CdTe  thickness  (|jm) 

Fig.  6.  CdTe  lattice  parameter  calculated  for  CdTe(100)/GaAs(100). 
Lattice  parameter  is  determined  in  the  <1 00>  direction,  perpendicular 
to  interface,  and  decreases  with  increasing  CdTe  thickness. 


9.2  X 10®  cm“2  is  the  lowest  EPD  reported  to  date  for  as- 
grown  HgCdTe  layers  on  GaAs  substrates. 

DISCUSSION 

We  think  that  dislocation  lines  on  slip  planes  glide 
along  the  [Oil]  direction  in  the  epitaxial  layers  (Fig. 
5),  because  the  residual  strain  caused  by  the  lattice 
mismatch  at  each  interface  acts  as  the  dislocation 
motive  force.  This  gliding  increases  the  probability  of 
the  dislocation  incorporation. 

To  explain  the  saturation  of  the  EPD  reduction  with 
increasing  layer  thickness,  we  estimated  the  lattice 
distortion  and  mismatch  strain.  We  plotted  the  de¬ 
pendence  of  the  lattice  parameter  calculated^®-^®  for 
CdTe(100)/GaAs(100)  on  the  CdTe  layer  thickness 
(Fig.  6).  The  lattice  parameter  is  defined  as  a  value 
perpendicular  to  the  interface.  For  the  calculation,  we 
assumed  that  the  difference  in  length  between  the 


seven  lattices  of  CdTe  and  the  eight  lattices  of  GaAs 
caused  the  compressive  strain.  The  lattice  mismatch 
strain  is  proportional  to  the  difference  between  the 
calculated  and  measured  bulk  lattice  parameters  and 
the  large  strain  (3  x  10“^  dyn)  near  the  interface 
decreases  to  a  steady  value  (4  x  10"^  dyn)  away  from 
the  interface. 

To  accommodate  CdTe  lattice  distortion,  dislocations 
move  and  are  incorporated  more  frequently  near  the 
interface  where  the  lattice  parameter’s  rate  of  change 
is  fast.  The  speed  of  movement  depends  on  the  change 
in  strain.  Far  from  the  interface,  however,  the  prob¬ 
ability  of  incorporation  is  small  because  dislocations 
do  not  move  when  the  lattice  distortion  and  strain  are 
almost  uniform.  The  dislocation  reduction,  therefore, 
saturates  with  increasing  layer  thickness. 

CONCLUSION 

We  studied  the  EPD  profiles  in  HgCdTe(lOO)  layers 
grown  by  MOCVD  (DAG)  on  GaAs(lOO)  substrates. 
We  compared  the  profiles  to  those  in  HgCdTe(lll)B 
layers,  and  measured  the  profiles’  dependence  on  the 
HgCdTe(lOO)  and  CdTe(lOO)  buffer  thicknesses.  Un¬ 
like  dislocations  in  (lll)B  layers,  dislocations  in  (100) 
layers  propagate  in  the  growth  direction  due  to  the 
difference  in  the  angles  between  the  interfaces  and 
slip  planes.  The  EPD  in  HgCdTe(  100)  decreases  gradu¬ 
ally  as  the  thicknesses  of  the  HgCdTe  and  the  CdTe 
buffer  layers  increase;  however,  the  EPD  reduction 
proceeds  only  in  a  limited  area  within  10  pm  of  each 
interface.  The  dislocation  reduction  mechanism  we 
propose  is  that  the  lattice  mismatch  strain  at  each 
interface  enhances  the  incorporation  of  dislocations. 
Using  this  model,  we  can  explain  the  saturation  of 
EPD  reduction  by  considering  the  lattice  distortion 
and  mismatch  strain.  We  obtained  an  EPD  of  1  to  3  x 
10®  cm~2,  which  is  the  lowest  reported  value  for 
HgCdTe(lOO)  on  GaAs(lOO)  to  our  knowledge. 

It  is  possible  to  grow  low-EPD  HgCdTe(lOO)  layers 
on  large-area  substrates.  This  will  contribute  to  the 
development  of  large-scale  long- wavelength  infrared 
focal  plane  arrays. 
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This  paper  will  describe:  (1)  the  first  comparative  study  of  recombination 
mechanisms  between  doped  and  undoped  p~type  Hg^  ^Cd^Te  liquid  phase  epit¬ 
axy  films  with  an  x  value  of  about  0.22,  and  (2)  the  first  determination  of 
ratio  by  lifetime’s  dependence  on  both  carrier  concentration  and  temperature. 

The  doped  films  were  either  copper-  or  gold-doped  with  the  carrier  concentration 
ranging  from  2  x  10^^  to  1.5  x  cm“^,  and  the  lifetime  varied  from  2  ps  to  8  ns. 

The  undoped  (Hg-vacancy)  films  had  a  carrier  concentration  range  between 
3  X 10^^  and  8  x  10^®  cm-^,  and  the  lifetime  changed  from  150  to  3  ns.  It  was  found 
that  for  the  same  carrier  concentration,  the  doped  films  had  lifetimes  several 
times  longer  than  those  of  the  undoped  films,  limited  mostly  by  Auger  7  and 
radiative  recombination  processes.  The  ineffectiveness  of  Shockley-Read-Hall 
(SRH)  recombination  process  in  the  doped  films  was  also  demonstrated  in 
lifetime  vs  temperature  curves.  The  important  ratio  of  intrinsic  Auger  7  lifetime 
to  intrinsic  Auger  1  lifetime,  was  determined  to  be  about  20  from  fitting 

both  concentration  and  temperature  curves.  The  reduction  of  minority  carrier 
lifetime  in  undoped  films  can  be  explained  by  an  effective  SRH  recombination 
center  associated  with  the  Hg  vacancy.  Indeed,  a  donor-like  SRH  recombination 
center  located  at  midgap  (E^+60  meV)  with  a  capture  cross  section  for  minority 
carriers  much  larger  than  that  for  majority  carriers  was  deduced  from  fitting 
lifetime  vs  temperature  curves  of  undoped  films. 

Key  words:  HgCdTe,  impurity  doped,  minority  carrier  lifetime, 
photoconductivity  decay 


INTRODUCTION 

The  minority  carrier  lifetime  of  p-type  Hg^_^Cd^Te 
is  fundamentally  important  in  the  performance  of  n- 
on-p  photovoltaic  infrared  detectors.  Past  studies  of 
recombination  mechanisms  in  p-type  materials  with 
an  X  value  of  about  0.2,  suitable  for  detectors  with  a 
cutoff  wavelength  of  10-12  |im  at  77K,  are  briefly 
summarized  as  follows.  Polla  et  al.^  reported  a 
Shockley-Read-Hall  (SRH)  recombination  center  at 
about  E^+56  meV  in  undoped  bulk  nVp  diodes  using 
the  reverse  recovery  method  to  measure  the  lifetime. 
Schacham  and  Finkman^  obtained  a  value  of  20  for 
the  important  ratio  of  intrinsic  Auger  7  lifetime  to 
intrinsic  Auger  1  lifetime,  from  fitting  the 

temperature  dependence  of  lifetimes  in  undoped  (Hg 
vacancy)  bulk  materials.  Chen  et  al.^  measured  life- 
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times  over  a  hole  concentration  range  from  1  x  10^^  to 
5  X  10^^  cm"^  in  undoped  liquid  phase  epitaxy  (LPE) 
films.  Tung  et  al.^  reported  lifetimes  with  the  hole 
concentration  ranging  between  5  x  10^^  and  2  x  lO^*^ 
cm-^  in  arsenic-doped  LPE  films.  Lacklison  and  Cap¬ 
per^  measured  lifetimes  over  a  wide  concentration 
range  between  3  x  10^^  and  2  x  lO^*^  cm-^,  and  found  no 
significant  difference  between  doped  and  undoped 
bulk  materials.  Fastow  and  Nemirovsky^  identified  a 
SRH  recombination  center  at  E^+15  meV  in  undoped 
bulk  materials  by  fitting  the  temperature  dependence 
of  lifetimes.  Souza  et  al.'^  measured  undoped  molecu¬ 
lar  beam  epitaxy  (MBE)  films  over  an  x  value  range 
from  0.2  to  0.3,  and  found  that  the  lifetime  is  limited 
by  a  SRH  recombination  center  at  midgap.  Adomaitis 
et  al.^  measured  a  lifetime  as  low  as  53  ps  in  undoped 
LPE  films,  and  concluded  that  Auger  7  process  domi¬ 
nates  at  the  hole  concentration  exceeding  4  x  10^®  cm“^. 
Tyan  et  al.®  used  a  three-level  SRH  model  to  analyze 
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Fig.  1.  The  block  diagram  of  the  contactless  microwave  lifetime 
apparatus  capable  of  measuring  lifetimes  as  short  as  3  ns. 


0.00  0.02  0.04  0.06  0.08  0.10 


Time  (|xs) 
b 

Fig.  2.  The  photo-induced  transients  of  a  vacancy-doped  film  with  a 
lifetime  of  13  ns.  (a)  without  baseline  correction  (b)  with  baseline 
correction. 

the  temperature  dependence  of  lifetimes  in  undoped 
LPE  films.  Recently,  Mitra  et  al.^®  reported  lifetimes 
in  doped  and  undoped  metalorganic  chemical  vapor 
deposition  (MOCVD)  films  over  a  hole  concentration 
range  from  6  x  10^^  to  1.5  x  10^'^  cm”^. 


Despite  all  these  works,  several  issues  regarding  to 
the  recombination  processes  in  p-type  Hgi_^Cd^Te 
remains  to  be  solved.  One  is  the  experimental  value 
for  ratio  which  determines  the  effectiveness  of 

Auger  7  recombination  process  in  p-type  Hg^_^Cd^Te. 
Another  issue  is  whether  or  not  there  is  a  difference 
between  lifetimes  in  doped  and  undoped  samples. 
Finally,  the  nature  of  SRH  centers  such  as  the  energy 
level  seems  to  vary  significantly  from  one  study  to 
another. 

In  this  paper,  we  report  a  first  comparative  study  on 
the  recombination  mechanisms  between  doped  and 
undoped  p-type  Hg^  ^gCd^  22Te  LPE  films  by  measur¬ 
ing  minority  carrier  lifetime’s  dependence  on  the 
carrier  concentration  and  temperature.  Also  for  the 
first  time,  the  ratio  of  has  been  determined  by 

lifetime’s  dependence  on  both  carrier  concentration 
and  temperature.  The  lifetime’s  dependence  on  the 
carrier  concentration  at  77K  was  measured  by  a 
contactless  microwave  reflection  technique,^^  and  its 
temperature  dependence  was  obtained  by  the  stan¬ 
dard  photoconductivity  (PC)  decay  method  from  77  to 
200K.  Liquid  phase  epitaxy  films  were  grown  on 
lattice-matched  CdZnTe  substrates  from  Te- 
rich  melts  in  a  dipping  reactor.  The  doped  films  were 
either  copper-  or  gold-doped  with  the  carrier  concen¬ 
tration  ranging  from  2  x  10^®  to  1.5  x  10^'^  cm"^  at  77K. 
Post-growth  anneal  in  Hg-saturated  atmosphere  at 
220°C  eliminated  most  of  Hg  vacancies  in  doped  films. 
The  undoped  films  were  post-annealed  in  Hg-satu¬ 
rated  atmosphere  between  400  and  550 °C  to  achieve 
different  levels  of  Hg  vacancies.  They  had  a  carrier 
concentration  range  between  3  x  10^^  and  8  x  10^®  cm"^ 
at  77K.  The  van  der  Pauw  Hall  measurements  were 
conducted  at  2  and  7  kG  to  not  only  determine  the 
carrier  concentration  but  also  screen  out  films  exhib¬ 
iting  effects  of  mixed  conduction.  The  hole  mobility 
was,  depending  on  the  carrier  concentration,  between 
300  and  600  cmW-s  at  77K.  The  x  value  (Cd  mole 
fraction)  of  these  films  ranged  from  0.218  to  0.232. 

EXPERIMENTAL 

The  lifetime  measurement  apparatus  (Fig.  1)  con¬ 
sists  of  a  fast  Oki  laser  diode  emitting  1.3  jam  light 
with  an  optical  power  of  100  mW  driven  by  a  HP8 130A 
pulse  generator  with  1  ns  rise/fall  time,  two  400  MHz 
HP8447A  amplifiers  with  a  combined  gain  of  1000, 
and  a  Tekll201A  400  MHz  digital  oscilloscope  ca¬ 
pable  of  averaging  4096  traces.  The  shortest  lifetime 
that  can  be  measurable  by  our  current  contactless 
microwave  lifetime  measurement  apparatus  is  about 
3  ns,  limitedmainly  by  the  x-band  microwave  Schottky 
detector  terminated  with  a  50  ohm  resistor. 

Due  to  the  high  carrier  concentration  of  the  films 
under  this  study,  the  photo-induced  transient  signals 
were  usually  weak.  This  can  be  seen  from  the  follow¬ 
ing  equation  for  measurements  using  the  PC  decay 
method  under  a  constant  current  bias: 

AV  =  I,AE  =  -^V, 
n 


(1) 


The  Minority  Carrier  Lifetime  in  Doped  and 
Undoped  p-Type  Hg^  ^gCd^  32^0  LPE  Films 


541 


where  AV  and  AR  are  light-induced  voltage  and  resis¬ 
tance  respectively,  and  is  the  constant  current  bias, 
and  the  resulting  dark  voltage  bias.  When  the 
pulse  width  of  the  excitation  light  is  longer  than  the 
lifetime,  the  concentration  of  excess  electrons,  An,  is 
given  by: 

An  =  (2) 

where  r\  is  the  quantum  efficiency  and  <E>  is  the  photon 
flux.  The  lifetime,  x^,  also  decreases  with  increasing 
carrier  concentration.  As  a  result,  the  photo-induced 
transient  signal  decreases  with  at  least  the  square  of 
the  carrier  concentration.  A  similar  but  more  complex 
situation  holds  for  measurements  using  the  contactless 
microwave  reflection  technique. 

One  way  to  solve  the  measurement  problem  due  to 
small  transient  signals  from  samples  with  a  high 
carrier  concentration  is  to  increase  the  power  of  the 
excitation  light.  However,  the  large  electrical  current 
pulse  needed  to  generate  the  high  optical  power 
inevitably  induces  spurious  noise  in  the  transient 
signal  at  very  short  times  following  the  pulse,  such  as 
the  curve  shown  in  Fig.  2a.  It  was  found  that,  in  our 
microwave  reflection  setup,  this  spurious  interfer¬ 
ence  noise  is  independent  of  the  sample.  Therefore,  a 
reference  baseline  containing  the  interference  noise 
can  be  generated  simply  by  shifting  the  sample  away 
from  the  laser  diode  (by  pushing  the  Styrofoam  tray, 
see  Fig.  1).  The  reference  baseline  is  stored  in  the  data 
acquisition  software  and  then  subtracted  out  of  the 
transient  signal.  This  baseline  correction  procedure 
results  in  clean  and  smooth  signal  curves  such  as  the 
one  shown  in  Fig.  2b,  which  was  derived  from  the 
noisy  curve  in  Fig.  2a. 

The  strong  dependence  of  the  photo-induced  tran¬ 
sient  signal  on  the  carrier  concentration  can  be  illus¬ 
trated  by  Fig.  3  where  the  curve  (a)  is  from  a  film  with 
copper  doping  at  about  2.3  x  10^®  cm-^  measured  with 
a  gain  of  100  and  50  mW  optical  power,  and  the  curve 
(b)  is  from  a  film  with  Hg  vacancy  doping  at  about 
4.5  X  10^®  cm-^  measured  with  a  gain  of  1000  and  100 
mW  optical  power.  Although  the  carrier  concentra¬ 
tion  only  differs  by  a  factor  of  20,  the  signal  changes 
by  a  factor  of  200.  It  should  also  be  noted  that,  long 
lifetime  or  short,  the  transient  signals  are  expo¬ 
nential  functions  with  a  single  time  constant. 

ANALYSIS  OF  LIFETIME  DATA 

The  lifetime  of  p-type  HgCdTe  that  includes  contri¬ 
butions  from  Auger  1  (two  electrons  and  one  hole), 
Auger  7  (one  electron  and  two  holes),  radiative,  and 
Shockley-Read-Hall  recombination  processes  is  ex¬ 
pressed  as: 

1/X  =  1/x^  -h  1/X^7  +  l/'^Rad 
The  expression  for  Auger  1  process  is: 


X 


A1 


2nfxx^ 
(n  +  p)n 


And  the  expression  for  Auger  7  process  is: 


(4) 


_  2nfx^7 

’'^’”(n  +  p)p 


(5) 


The  expressions  of  Eq.  (4)  and  Eq.  (5)  derived  using 
nondegenerate  statistics  are  applicable  in  p-type 
HgQ78Cdo22Te  samples  with  a  carrier  concentration 
up  to  1  X  cm-^  at  77K  where  the  density  of  states 
for  the  valence  band  is  about  1  x  10^®  cm“^.  Note  that 
Auger  1  process  in  p-type  HgCdTe  is  important  only 
at  high  temperatures  (such  as  above  150K)  when 
materials  become  intrinsic.  Two  important  param¬ 
eters  in  calculating  Auger  recombination  processes 
that  have  to  be  determined  experimentally  are  the 
overlap  integral  of  Bloch  functions,  I  F^Fg  I ,  which 
was  determined  to  be  0. 15  in  our  previous  study  on  the 
recombination  mechanisms  in  n-type  Hgo  ^gCdoggTe 
LPE  films,^^  and  the  ratio  of  intrinsic  Auger  7  lifetime 
to  intrinsic  Auger  I  lifetime,  x^^/x^^,  which  was  calcu¬ 
lated  by  Casselman^^  to  be  about  2  for  Hg^  ^Cd^Te  with 
x-0.2.  The  detailed  expressions  for  lifetimes  of  each 
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Fig.  3.  The  semi-logarithmic  plots  of  photo-induced  transients  for  (a) 
a  copper-doped  film,  and  (b)  a  vacancy-doped  film. 
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Fig.  4.  Measured  and  calculated  lifetimes  as  a  function  of  carrier 
concentration  at  77K.  The  solid  line  through  the  data  of  doped  films 
was  calculated  with  Auger  7  and  radiative  recombination  processes  for 
X  =  0.225.  And  the  dashed  line  through  the  data  of  undoped  films  Is  the 
trend  line. 


Carrier  Concentration  (cnr^) 

Fig.  5.  Measured  and  calculated  lifetimes  as  a  function  of  carrier 
concentration  at  77K  for  the  doped  films.  The  solid  line  was  calculated 
with  only  radiative  recombination  process.  The  combined  lifetime 
calculated  with  a  ratio  of  20  seems  to  be  the  best  fit. 

recombination  process  in  Eq.  (3)  can  be  found  in  Ref.  2. 

The  Concentration  Dependence 

The  dependence  of  lifetime  on  the  carrier  con¬ 
centration  as  measured  by  the  contactless  microwave 
reflection  method  at  77Kis  shown  in  Fig.  4.  The  doped 
films  had  a  lifetime  range  between  2  ps  and  8  ns,  and 
the  imdoped  films  fi:*om  150  to  3  ns.  Below  1  x  10^'^  cm“^,  it 
is  clear  that  the  doped  films  had  lifetimes  several 
times  longer  than  those  of  the  undoped  films  at  the 
same  carrier  concentration.  Jones  et  al.^^  also  ob¬ 
served  a  difference  of  about  a  factor  of  2  in  arsenic- 
doped  and  undoped  Hg^  ^Cd^  gTe  bulk  materials.  The 
solid  line  fitting  the  data  of  the  doped  films  in  Fig.  4 
was  calculated  with  Auger  7  and  radiative  recombi¬ 
nation  processes  with  a  value  of  20  for  the  ratio 


Carrier  Concentration  (cm-3) 

Fig.  6.  The  calculated  diffusion-limited  RqA  values,  based  on  lifetimes 
in  Fig.  4,  for  films  with  extrinsic  and  vacancy  doping.  The  calculation 
assumes  a  device  thickness  of  6  ptm. 


and  X  =  0.225.  That  large  ratio  makes  Auger  7  process 
relatively  ineffective  at  low  carrier  concentrations.  To 
illustrate  each  recombination  process  more  clearly, 
the  data  of  the  doped  films  are  replotted  in  Fig.  5  along 
with  the  radiative  lifetime  and  the  combined  lifetime 
of  Auger  7  and  radiative  processes  with  three 
ratios  (designated  as  y):  10, 20,  and  30.  It  can  be  seen 
that  radiative  process  dominates  the  recombination 
until  the  carrier  concentration  exceeds  5  x  10^^  cm-^. 
Most  of  the  scatter  in  the  data  is  due  to  an  uncertainty 
of  about  ±10  for  the  ratio.  The  spread  of  about 

±0.007  in  the  x  value  causes  only  ±20%  deviation  in 
the  calculated  lifetime.  Schacham  and  Finkman^  also 
obtained  a  value  of  20  for  the  ratio  from  fitting 

their  temperature  dependence  data.  The  lifetimes  in 
our  doped  films  agree  with  those  reported  by  Tung  et 
al.^  for  the  carrier  concentration  below  2  x  10^®  cm-^, 
and  are  shorter  than  those  with  the  carrier  concentra¬ 
tion  above  2  x  10^^  cm-^.  The  lifetimes  in  the  doped 
MOCVD  films  reported  by  Mitra  et  al.^®  are  shorter 
than  those  in  our  doped  films. 

The  reduction  of  minority  carrier  lifetime  in  undoped 
films  can  be  explained  by  the  existence  of  an  effective 
SRH  recombination  center  whose  association  with  Hg 
vacancy  may  be  implied  by  a  slope  of  about  one  for  the 
dashed  line  through  the  lifetime  data  of  undoped 
films  in  Fig.  4.  As  pointed  out  by  Jones  el  al.,^^  this 
SRH  center  does  not  have  to  be  the  same  defect  as  Hg 
vacancy,  which  acts  as  a  shallow  acceptor.  It  may  be 
a  complex  that  involves  Hg  vacancy.  Also  note  that 
due  to  the  dependence  on  the  square  of  the  carrier 
concentration.  Auger  7  process  will  become  dominant 
even  in  undoped  films  when  the  carrier  concentration 
exceeds  3  x  10^'^  cm-^.  The  lifetimes  in  our  undoped 
films  roughly  agree  with  those  measured  by  Lacklison 
and  Capper,®  but  are  longer  than  those  obtained  by 
Chen  et  al.^ 

From  Fig.  4,  one  can  also  calculate  the  diffusion- 
limited  device  performance  of  n-on-p  homojunction 
diodes.  Assuming  a  thin  diode  approximation,  the 
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product  of  dynamic  resistance  and  diode  area,  R^A 
often  used  as  the  figure  of  merit,  is  given  as:^^ 


where  d  is  the  diode  thickness.  The  calculation  results 
are  shown  in  Fig.  6  for  both  doped  and  undoped 
Hgo  ygCd^j  22^6.  Because  the  lifetime  decreases  slightly 
faster  than  the  carrier  concentration  in  undoped 
films,  the  RqA  curve  is  not  flat,  varying  from  700  ohm- 
cm^  at  1  X  10^^  cm“^  to  about  300  ohm-cm^  at  1  x  10^^ 
cm“^.  Note  that  this  diffusion-limited  R^A  values  are 
in  fact  in  the  same  range  those  achieved  in  p-on-n 
heterojunction  diodes.^® 

The  Temperature  Dependence 

The  ineffectiveness  of  SRH  recombination  centers 
in  copper-  or  gold-doped  films  can  also  be  seen  in 
lifetime  vs  temperature  curves  such  as  the  one  shown 
in  Fig.  7a.  Again  a  best  fit  dictates  a  value  of  20  for  the 
T^Av/'t^Ai  ratio.  The  dashed  line  labeled  ‘‘AUG”  repre¬ 
sents  the  combined  Auger  1  and  Auger  7  processes. 
The  film  was  copper-doped  to  2.6  x  10^^  cm-^  with  an 
X  value  of  0.222.  Due  to  a  low  carrier  concentration, 
radiative  process  dominates  at  low  temperatures  be¬ 
low  150K.  The  sensitivity  of  the  fit  to  the  value  of  the 
Ai  ratio  (designated  as  y)  is  shown  in  Fig.  7b 
where  the  scatter  of  data  leads  to  an  uncertainty  less 
than  ±10,  consistent  with  the  result  from  fitting  the 
concentration  dependence  of  the  lifetime  (Fig.  5). 
Note  that  an  accurate  expression  for  the  absorption 
coefficient  is  needed  to  calculate  the  temperature 
dependence  of  radiative  lifetime  in  order  to  accu¬ 
rately  deduct  the  ratio  from  the  fit  to  the 

temperature  dependence  of  the  lifetime.  We  used  the 
expression  of  the  absorption  coefficient  given  by 
Schacham  and  Finkman,^  whose  accuracy  has  been 
widely  demonstrated  in  its  use  in  Fourier  transform 
infrared  measurements  to  determine  the  bandgap  of 
Hg^  ^Cd^Te  materials. 

As  for  undoped  films.  Fig.  8  shows  that  SRH  re¬ 
combination  process  dominates  the  lifetime  at  low 
temperatures.  In  attempting  a  best  fit,  it  was  found 
that  the  SRH  center  is  located  at  midgap  (E^+60 
meV),  and  is  donor-like  since  its  capture  cross  section 
for  minority  carriers  is  much  larger  than  that  for 
majority  carriers.  This  film  has  a  hole  concentration 
of  4.8  X  10^^  cm-^  with  an  x  value  of  0.225.  If  one 
assumes  a  of  1  x  10“^®  cm^,  then  the  best  fit  yields  a 
of  5  X  10"^®  cm^  and  N^  of  8  x  10^^  cm-^  Our  finding  of 
a  SRH  center  near  the  midgap  in  undoped  p-type  LPE 
films  is  consistent  with  that  by  Polla  et  al.Mn  undoped 
bulk  samples  and  Souza  et  al.Un  undoped  MBE  films. 

EFFECTS  OF  SURFACE  PASSIVATION 

The  measured  lifetime  in  thin-film  semiconductors 
is  inherently  sensitive  to  the  surface  properties.  An 
improperly  passivated  surface  gives  rise  to  a  large 
surface  recombination  velocity  which  obscures  the 
bulk  lifetime.  Due  to  the  short  bulk  lifetime  in  p-type 
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Fig.  7.  (a)  The  temperature  dependence  of  the  lifetime  for  a  copper- 
doped  LPE  film  with  p  =  2.6  x  1 0^®  cm^  at  77K.  The  dashed  lines  show 
the  individual  contributions  of  Auger  and  radiative  recombination 
mechanisms,  (b)  Ava!ueof20forthex'^7/t\i  ratio  was  found  to  provide 
the  best  fit. 


1000/T(K--h 


Fig.  8.  The  temperature  dependence  of  the  lifetime  for  an  undoped 
LPE  film  with  p  =  4.8  x  1 0^^  cm-^  at  77K.  The  dashed  lines  show  the 
individual  contributions  from  Auger,  radiative,  and  SRH  recombination 
mechanisms. 


544 


Chen,  Colombo,  Dodge,  and  Tregilgas 


Fig.  9.  The  good  agreement  between  lifetimes  at  77K  measured  with 
either  oxide-free  or  anodicallysulfidized  surfaces  and  those  measured 
with  anodically  oxidized  surfaces.  Different  surface  passivation  treat¬ 
ments  were  successively  applied  to  the  same  set  of  samples. 

HgQ  7gCdo  22^6,  the  effect  of  surface  recombination  can¬ 
not  be  studied  using  the  transient  decay  method  since 
the  pulse  width  of  the  excitation  light  has  to  be 
significantly  smaller  than  the  bulk  lifetime.  Using 
photoelectromagnetic  measurements,  Finkman  and 
Schacham,^'^  and  Sarusi  et  al.^®  concluded  that  SRH 
recombination  process  dominates  the  surface  recom¬ 
bination  in  p-type  Hg^  ^gCd^  with  surfaces  being 
bare,  CdTe  coated,  and  anodically  sulfidized.  In  these 
studies,  both  CdTe  and  anodic  sulfide  were  estab¬ 
lished  as  good  surface  passivation  for  lifetime  mea¬ 
surements.  Note  that  anodic  sulfide  passivation  yields 
a  slightly  accumulated  surface  in  p-type  Hg^  ^Cd^^Te. 
According  to  theoretical  calculations  that  have  been 
verified  experimentally  in  Si  and  Ge,^®  the  surface 
recombination  velocity  as  a  function  of  surface  poten¬ 
tial  has  a  maximum  near  depletion.  At  accumulation 
and  strong  inversion,  the  surface  recombination  ve¬ 
locity  is  at  minimum. 

To  further  support  the  picture  of  the  surface  re¬ 
combination  being  dominated  by  SRH  centers.  Fig.  9 
shows  a  comparative  study  between  77K  lifetimes  in 
samples  with  surfaces  being  anodically  oxidized  and 
those  being  anodically  sulfidized  or  oxide-free.  The 
lifetimes  were  measured,  by  the  contactless  micro- 
wave  reflection  method,  on  the  same  set  of  samples 
which  were  successively  treated  with  different  sur¬ 
face  passivation  techniques.  The  oxide-free  surfaces 
are  fresh  surfaces  produced  by  removing  anodic  oxide 
with  lactic  acid.  The  good  correlation  between  life¬ 
times  over  almost  two  decades  of  magnitude  shown  in 
Fig.  9  establishes  the  anodic  oxide  as  a  good  surface 
passivation  for  lifetime  measurements,  despite  the 


fact  that  anodic  oxide  strongly  inverts  the  surface  of 
p-type  Hgg  7gCdo22Te. 

CONCLUSIONS 

To  summarize,  we  have  presented  a  first  detailed 
comparative  study  on  the  recombination  mechanisms 
between  doped  and  undoped  p-type  Hgo7gCdp22Te 
LPE  films  by  measuring  minority  carrier  lifetime’s 
dependence  on  the  carrier  concentration  and  tem¬ 
perature.  Also,  for  the  first  time,  the  ratio  of 
has  been  determined  to  be  about  20  by  lifetime’s 
dependence  on  both  carrier  concentration  and  tem¬ 
perature.  It  was  found  that  the  lifetime  in  the  doped 
films  was  mostly  limited  by  Auger  7  and  radiative 
recombination  processes.  The  lifetime  for  the  undoped 
films  with  a  carrier  concentration  below  1  x  cm*^ 
was  limited  by  an  effective  donor-like  Shockley-Read- 
Hall  recombination  center  located  at  midgap  (E^+60 
meV). 
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Minority  Carrier  Lifetime  in  Indium-Doped  HgCdTe(211)B 
Epitaxial  Layers  Grown  by  Molecular  Beam  Epitaxy 
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We  have  studied  the  minority-carrier  lifetime  on  intentionally  indium-doped 
(211)B  molecular  beam  epitaxially  grown  Hgj^  ^Cd^Te  epilayers  down  to  80K  with 
X  ~  23.0%  ±  2.0%.  Measured  lifetimes  were  explained  by  an  Auger-limited  band- 
to-band  recombination  process  in  this  material  even  in  the  extrinsic  tempera¬ 
ture  region.  Layers  show  excellent  electron  mobilities  as  high  as  ~2  x  10^ 
cm^w^s"^  at  low  temperatures.  When  the  layers  are  compensated  with  Hg 
vacancies,  results  show  that  the  Schockley-Read  recombination  process  becomes 
important  in  addition  to  the  band-to-band  processes.  From  the  values  of  and 
tpQ  of  one  sample,  the  obtained  defect  level  is  acceptor-like  and  is  somewhat 
related  to  the  Hg  vacancies. 

Key  Words:  HgCdTe,  impurity  doped,  minority  carrier  lifetime, 
photoconductive  decay 


INTRODUCTION 

Molecular  beam  epitaxially  (MBE)-grown  HgCdTe 
layers  have  been  extensively  studied  over  the  last 
decade  for  infrared  detector  applications.  Minority 
carrier  lifetime  (t)  of  the  excess  photogenerated  carri¬ 
ers  is  of  great  importance  for  the  performance  of 
infrared  detectors.^*^  Thus,  it  is  essential  to  under¬ 
stand  the  factors  that  limit  the  recombination  mecha¬ 
nism  in  MBE-grown  layers.  We  have  reported^  previ¬ 
ously,  electron  lifetime  on  (lll)B  p-type  HgCdTe 
layers  grown  by  MBE.  The  temperature  dependence 
of  the  lifetime  on  these  p-type  HgCdTe  layers  was 
explained  in  terms  of  the  Schockley-Read  (SR)  re¬ 
combination  mechanisms  in  the  extrinsic  temperature 
region  and  have  shown  a  deep  level  closer  to  midgap. 
Lifetimes  on  n-type  HgCdTe  were  studied  by  several 
investigators,^^  but  layers  were  grown  by  different 
growth  techniques.  In  the  bulk  grown  crystals,  the 
temperature  dependence  of  lifetime  data  vs  could  be 
explained  by  intrinsic  material  properties.  Compen¬ 
sated  layers  show  SR  recombination.  Reported  en- 
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ergy  levels  fall  between  10  to  70  meV  below  the 
conduction  band.  On  the  other  hand,  on  epitaxial 
layers,  very  little  work  has  been  reported  in  litera¬ 
ture.  We  recently  reported"^  lifetimes  on  indium-doped 
n-type  MBE  layers;  and  in  this  work,  we  have  carried 
out  a  detailed  analysis  of  factors  that  limit  the  recom¬ 
bination  mechanisms. 

EXPERIMENT 

HgCdTe  layers  were  grown  in  the  (211)B  growth 
orientation  on  CdZnTe(211)B  substrates  in  an  ISA 
Riber  2300  MBE  machine  which  is  designed  to  handle 
mercury.  The  detailed  growth  technique  has  been 
previously  reported.  Layers  were  doped  in  situ  during 
MBE  growth  with  indium.  The  Cd  composition  and 
the  layer  thickness  were  determined  at  room  tem¬ 
perature  by  infrared  transmission  measurements. 
All  of  the  layers  investigated  were  annealed  under 
Hg-saturated  atmosphere  at  250°C  in  order  to  reduce 
the  Hg-vacancy  concentration  created  during  the  MBE 
growth.  The  carrier  concentration  [extracted  from  the 
Hall  coefficient  Rj^(T)]  and  the  mobility  [extracted 
from  Rj^(T)/p(B=0,T)]  of  the  layers  were  measured  by 
the  van  der  Pauw  technique®  for  temperatures  rang- 
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Fig.  1 .  Block  diagram  of  the  photoconductive  apparatus  for  measuring 
the  minority  carrier  lifetime  of  HgCdTe  layers. 
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Fig.  2.  (a)  Measured  (O)  and  theoretical  (— )  minority  carrier  lifetime  on 
low  indium-doped  MBE-grown  HgCdTe  layer  vs  reciprocal  tempera¬ 
ture,  Auger  (■•■)  and  radiative  ( — )  recombination  processes  are  also 
shown;  (b)  Measured  (O,  □)  and  theoretical  (— )  minority-carrier 
lifetime  vs  reciprocal  temperature  on  moderately  and  high  indium- 
doped  MBE  layers. 


ing  from  20  to  300K  and  magnetic  fields  up  to  1.0 
Tesla.  The  lifetime  measurements  (typical  sample 
dimensions  are  ==3x3  mm^)  were  carried  out  using  the 
photoconductive  decay  technique.  All  the  samples 
were  etched  in  Br-methanol  solution  prior  to  mea¬ 
surement,  which  was  especially  important  in  the 
latter  case.  Indium  was  used  to  make  good  ohmic 
contacts  for  n-type  layers. 

A  block  diagram  of  the  measurement  technique  at 
the  Microphysics  Laboratory  is  shown  in  Fig.  1.  A 
pulsed  GaAlAs  laser  beam  (X  =  850  nm)  was  focused 
on  the  sample  to  generate  the  excess  carriers.  The 
samples  were  mounted  on  the  cold  finger  of  a  liquid 
nitrogen  variable  temperature  dewar.  Photoconduc¬ 
tive  decay  signals  were  amplified  with  a  low-noise 
cryogenic  preamplifier  and  were  obtained  by  a  Hewlett- 
Packard  54100A  digitizing  oscilloscope.  The  obtained 
decay  signals  were  averaged  to  minimize  the  noise, 
and  the  noise  was  further  subtracted  by  taking  a 
measurement  with  zero  beam  intensity.  The  biasing 
was  kept  low  to  avoid  sweep-out  effects,  and  the  light 
intensity,  was  also  kept  low  in  order  to  satisfy  the  low 
injection  conditions. 

THEORY:  RECOMBINATION  MECHANISM 
IN  N-TYPE  HgCdTe 

Minority  carrier  lifetime  in  n-type  HgCdTe  is  deter¬ 
mined  by  several  different  recombination  mecha¬ 
nisms;  namely  Auger,  radiative,  and  Schockly-Read 
mechanisms  and  these  have  been  discussed  exten¬ 
sively  in  the  literature.^’^’^®  We  have  applied  all  these 
mechanisms  earlier  for  MBE-grown,  indium-doped, 
HgCdTe  layers,  and  here  we  will  outline  briefly  the 
relevant  equations  under  low  injection  conditions. 

In  the  case  of  the  Auger  process,  recombination 
occurs  directly  between  bands  which  involves  two 
electrons  in  the  conduction  band  and  a  heavy  hole  in 
the  valence  band.  The  relevant  lifetime  is  given  by, 


T  = _ _  (1) 

^  (no  +  Po)(no+yPo) 

where  n.  is  the  intrinsic  carrier  concentration,^^  is 
the  intrinsic  Auger  lifetime,^^^  and  n^  and  p^  are  the 
equilibrium  electron  and  hole  concentrations  in  the 
conduction  band  and  valence  band,  respectively.  The 
quantity  y  is  the  hole-hole  collision  term,  which  we 
have  neglected  for  n-type  layers. 

In  the  case  of  radiative  process,  the  recombination 
also  occurs  between  bands,  but  the  excess  energy  is 
released  in  the  form  of  a  photon.  The  radiative  life¬ 
time  is  given  by,^ 


where  is  the  radiative  lifetime  in  the  intrinsic 
material. 

Finally,  the  SR  lifetime  is  given  by,^ 
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Table  I.  Summary  of  the  Measured  and  Fitted  Parameters  of  Annealed 
MBE-Grown  Hg^  ^^Cd^Te  Layers  That  Were  Studied 


Sample 

Name 

X  (%) 

t  (pm) 

Nj(cni-®) 
[Extracted 
from  R^(T)] 

(xlOi®) 

(cmW-s) 

(X 105) 

nj^(cm-5) 
[Extracted 
from  Lifetime] 

(xlO^®) 

X  at  80K 
(ns) 

139 

21.7 

08.7 

1.4 

1.6 

1.3 

940 

8530 

22.0 

10.3 

2.0 

2.3 

1.8 

580 

8533 

22.0 

10.8 

2,3 

2.2 

2.7 

410 

8532 

22.2 

11.4 

2.2 

1.3 

2.9 

220 

8281 

23.7 

11.5 

4.0 

1.6 

3.1 

250 

9046 

22.6 

12.1 

4.7 

1.6 

3.3 

184 

9044 

22.0 

12.2 

4.9 

1.6 

3.6 

140 

8275 

24.4 

09.5 

21.0 

1.0 

11.0 

20 

Table  II.  Summary  of  the  Measured  and  Fitted  Parameters  of  MBE-Grown  H^_^Cdj^Te 
Layers  that  Showed  SR  Recombination  in  the  Extrinsic  Temperature  Re^on 


Sample 

Name 

X  (%) 

N^  (cm^) 
[Extracted 
from  R^(T)] 

(xl0i5) 

iIq  (cm-5) 
[Extracted 
from  Lifetime] 

(xl0i5) 

T  at  80  K 
(ns) 

E. 

(meV) 

V 

(ns) 

8537 

22.1 

1.4 

1.4 

780 

45.1 

8900 

8283 

24.6 

3.8 

2.7 

560 

32.7 

7800 

6991 

24.5 

1.9 

1.9 

235 

40.2 

9500 

8  [annealed] 

25.4 

1.4 

1.0 

1490 

38.6 

6063 

8  [as-grown] 

25.4 

1.6 

2.0 

150 

44 

162 

.  vK+nQ  ,  't„o(Po+Pi) 
(no+Po)  (no+Po) 


(3) 


where  and  x  .  are  the  shortest  time  constant  for 

no  pu 

electron  and  hole  captures;  and  n^  =  n^expCE^.-  Ep)/KT 
and  Pi  =  p^expCEp,  -  Ej.)/KT,  where  Ep  is  the  Fermi 
energy  and  E^.  is  the  defect  energy  level. 

Here,  we  have  assumed  that  the  recombination 
occurs  through  a  single  level  E^.  inside  the  forbidden 
gap,  and  the  defect  density  N^.  is  small  enough  com¬ 
pared  to  Uq. 

RESULTS  AND  DISCUSSION 


Lifetime  vs  Temperature 

Measured  lifetime  and  material  parameters  of  these 
annealed  indium-doped  n-type  layers  at  80K  are 
summarized  in  Table  L  As  can  be  seen  from  the  table, 
these  indium-doped  layers  show  excellent  electrical 
properties.  The  expected  behavior  of  increase  in  mo¬ 
bility  with  decreasing  doping  levels  can  be  seen. 
Electron  mobility  at  low  temperature  varies  in  the 
range  of  (1-2)  x  10^  cm^w^S"^  for  doping  levels  in  the 
range  of  (1-10)  x  10^^  cm"^.  is  the  doping  concentra¬ 
tion  extracted  from  the  measured  Rj^(T)  data  at  B  =  0.4 
Tesla. 

Figure  2  shows  the  lifetime  vs  reciprocal  tempera¬ 
ture  for  three  selected  layers  from  Table  1.  Symbols 
represent  experimental  data  points.  It  can  be  seen 
that,  as  the  temperature  decreases,  the  lifetime  in¬ 


creases,  becomes  maximum,  and  then  decreases.  In 
Fig.  2a,  the  peak  lifetime  reaches  «1.4  jiis  at  130K;  and 
at  lower  temperatures,  it  decreases  exponentially. 
For  sample  #8275,  the  highest  doping  level,  the  maxi¬ 
mum  X  reaches  -100  ns.  The  solid  lines  represent  the 
theoretical  curves,  which  include  only  Auger  and 
radiative  recombination  processes.  In  order  to  achieve 
a  good  fit  to  the  experimental  data,  the  measured  Cd 
composition  x  and  the  doping  concentration  were 
adjusted  slightly.  The  value  of  the  doping  concentra¬ 
tion  (n^)  obtained  from  the  fitting  of  x  data  are  also 
shown  in  Table  1.  As  can  be  seen,  there  is  an  excellent 
correlation  between  the  experimental  data  and  the 
intrinsic  material  properties  of  MBE-grown  HgCdTe 
layers.  Similar  behavior  is  obtained  for  higher  doping 
levels,  up  to  -1.0  x  10^®  cm-^.  The  Auger  lifetime 
dominates  throughout  the  entire  temperature  region 
down  to  80K. 

As  previously  discussed,'^  lifetime  data  on  some  of 
the  MBE-HgCdTe  layers  cinnot  be  explained  by  band- 
to-band  recombination  processes.  Table  II  shows  the 
measured  lifetime,  transport  properties,  and  mate¬ 
rial  parameters  on  these  layers  at  80K.  Also,  Table  II 
contains  the  values  of  E^.  and  x  ^  obtained  by  fitting  to 
the  experimental  data  according  to  the  theory.  The 
SR  energy  level  E^.  varies  between  33  and  45  meV 
below  the  conduction  band  on  these  layers,  as  can  be 
seen  from  the  table. 

As  an  example.  Fig.  3  shows  lifetime  vs  reciprocal 
temperature  for  sample  #8537,  which  falls  into  this 
category.  It  is  evident  that  the  behavior  is  very  similar 


548 


Wijewarnasuriya,  Lange,  Sivananthan,  and  Faurie 


1000/T(K) 

Fig.  3.  Dependence  of  minority-carrier  lifetime  vs  temperture  on 
sample  #  8537.  Lines  show  various  contributions;  SR  recombination 
(•••),  combined  Auger  and  radiative  recombination  ( — ),  and  combined 
Auger,  radiative,  and  SR  recombination  (— ). 


to  those  samples  in  Fig.  2.  The  combined  Auger  and 
radiative  lifetimes  gives  good  agreement  with  the 
experimental  data  in  the  intrinsic  temperature  re¬ 
gion.  But,  in  the  extrinsic  temperature  range  the  data 
is  lower  by  a  factor  of -1.2  than  the  theory.  Hence,  in 
order  to  obtain  a  good  fit  throughout  the  entire  tem¬ 
perature  range,  we  had  to  assume  recombination 
from  SR  centers  in  addition  to  the  combined  Auger 
and  radiative  processes. 

In  order  to  find  out  the  origin  of  this  defect  level,  we 
carried  out  lifetime  measurements  on  an  as-grown, 
indium-doped,  HgCdTe  layer.  The  measured  lifetime 
was  again  lower  than  the  band-to-band  recombina¬ 
tion  lifetime  at  temperatures  below  200  K.  At  80K,  the 
lifetime  is  -150  ns.  Figure  4b  shows  the  lifetime  data 
on  the  same  sample  after  it  was  annealed  at  250°C 
under  Hg  saturated  conditions.  Note  that  the  lifetime 
improved  from  150  ns  to  1.4  |is  at  80K.  This  is  an 
almost  one  order  of  magnitude  improvement.  The 
solid  line  represents  the  best  fit  curve,  and  it  was 
obtained  with  all  recombination  mechanisms  as  dis¬ 
cussed  previously.  During  MBE  growth  at  a  growth 
temperature  of  185°C,  it  is  very  difficult  to  avoid 
compensation  due  to  Hg  vacancies,  especially  when 
the  indium  doping  levels  are  in  the  range  of  10^^  cm^ 
(we  assume  that  arises  mainly  from  indium  at¬ 
oms).  At  185°C,  according  to  the  HgCdTe  P-T  phase 
diagram,  the  accepter  level  due  to  Hg  vacancies  should 
be  in  the  10^^  cm-^  range.^^  Hence,  as-grown  layers  are 
very  compensated.  We  obtained  =  1.6  x  10^^  cm“^ 
and  =  1.5  x  10^^  cm-^  from  fitting  of  \{T)  vs 
temperature  data.  After  n-type  annealing  under  Hg 


Fig.  4.  Measured  (O)  and  theoretical  (— )  minority-carrier  lifetime  vs 
reciprocal  temperature  on  sample  #8;  (a)  as-grown  (parameters  used: 
Ej  =  43.8  meV,  Xp^  =  1 62  ns,  and  x.^  =  6887  ns);  (b)  after  n-type  anneal 
under  Hg  pressure  at  250°C  (parameters  used:  =  38.6  meV,  Xp^  = 
6063  ns). 

pressure,  we  obtained  =  1.4  x  10^®  cm“^  and  = 
1.4  X  10^^  cm-^.  From  the  lifetime  data,  increased 
from  162  ns  to  6  ps  when  decreased  from  1.5  x  10^^ 
cm-^  to  1.4  X  10^^  cm-^.  According  to  Fig.  2,  this  SR 
defect  level  was  not  seen  for  doping  levels  up  to 
1.0  X  10^®  cm-3.  Since  these  samples  were  indium- 
doped  during  the  growth,  it  is  safe  to  assume  that  the 
origin  of  this  SR  defect  level  is  not  related  to  extrinsic 
indium.  Hence,  we  concluded  that  this  SR  level  is 
somehow  related  to  the  Hg  vacancies.  Figure  5  shows 
the  variation  of  with  acceptor  concentrations  for 
indium-doped  layers. 

Lifetime  vs  Electron  Concentration 

Figure  6  shows  the  behavior  of  the  lifetime  vs 
electron  concentration  of  indium-doped  HgCdTe  lay¬ 
ers  at  80K.  the  lifetime  decreased  from  ==^950  to  «20 
nsec  when  the  doping  increased  from  -1.4  x  10^^ 
cm-^  to  -1.0  X  10^®  cm-^.  The  data  can  be  fitted  accord¬ 
ing  to  Eq.  (1).  The  solid  line  shows  n^-^  dependence,  as 
expected  from  Eq.  (1);  and  this  further  confirms  that 
the  measured  lifetime  is  limited  by  Auger  recombi¬ 
nation  in  the  extrinsic  temperature  region.  We  have 
taken  I  F^F2 1  to  be  0.22,  and  the  Cd  composition  to  be 
22%.  Since  there  exists  an  ambiguity  in  the  exact 
value  of  I  Fj^Fg  I  for  HgCdTe  in  the  literature,^’^’^®  we 
have  also  calculated  the  concentration  dependence  of 
lifetime  for  upper  and  lower  limits  of  I  F^F2 1 .  The 
lifetime  data  follows  extremely  well  for  I  F^F2 1  =  0.22, 
and  the  inverse  square  dependence  of  the  electron 
concentration  is  clearly  visible. 


Minority  Carrier  Lifetime  in  In-Doped 
HgCdTe(211)B  Epitaxial  Layers  Grown  by  MBE 


549 


CONCLUSION 

In  this  paper,  we  have  studied,  in  detail,  the  minor¬ 
ity-carrier  lifetime  of  indium-doped,  MBE-grown, 
HgCdTe  layers  with  x  ~  23.0%  ±  2.0%.  Lifetime  data 
measured  by  the  photoconductive  decay  method  can 
be  explained  satisfactorily  by  the  Auger-limited  band- 
to-band  recombination  process  in  the  entire  tempera¬ 
ture  region  down  to  80K.  We  have  observed  lifetime 
on  the  order  of  1  ps  at  80K  for  the  lowest  doped  layers 
that  were  achieved  by  MBE  growth.  Our  layers  show 
excellent  electron  mobilities  as  high  as  ~2  x  10^ 
cm^w^S"^  at  low  temperatures.  Measured  data  fits 
very  well  with  the  band-to-band  recombination  mecha¬ 
nisms  up  to  1.0  X  10^®  cm“3  doping  levels.  The  overlap 
integral  I  I  =  0.22  gives  excellent  agreement  for 
MBE-HgCdTe  layers. 

Hence,  the  incorporation  of  indium  during  the 
growth  of  MBE  HgCdTe  is  under  control  down  to  the 
doping  levels  of  ~(l”-2)  x  10^^  cm-^,  and  these  low 
doping  levels  are  supported  by  the  measured  lifetime 
data,  indicating  the  high  quality  of  MBE-HgCdTe 
layers.  This  study  shows  that  there  has  been  tremen¬ 
dous  improvement  in  the  growth  of  HgCdTe  by  MBE. 

In  the  second  category  of  MBE  layers,  SR  limited 
recombination  was  observed  in  the  extrinsic  tempera¬ 
ture  region.  At  higher  temperatures,  when  the  sample 
is  intrinsic,  Auger  limited  band-to-band  recombina¬ 
tion  still  dominates.  A  single  defect  level  between  ~33 
and  45  meVbelow  the  conduction  band  was  necessary 
to  explain  the  measured  data.  At  present,  due  to  lack 
of  data  in  this  category,  we  were  unable  to  determine 
conclusively  the  origin  of  this  defect  level;  but  it 
appears  that  when  layers  are  compensated  due  to  Hg 
vacancies  created  during  the  low  temperature  of  MBE 
growth,  this  level  tends  to  dominate. 
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Fig.  5.  Variation  of  Tpg  vs  acceptor  concentration  for  MBE  layers  in 
which  SR  recombination  was  dominant  in  the  extrinsic  temperature 
region. 


Fig.  6.  Dependence  of  minority  carrier  lifetime  on  electron  density  at 
80Kon  indium-doped,  MBE-grown,  HgCdTe  layers.  Data  point  □  was 
extrapolated  at  80K  from  graph  2b.  The  dotted  lines  show  the 
concentration  dependence  of  lifetime  for  \  =  0.35  and  = 

0.10. 
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Properties  of  InAs-Ga^.Jn^Sb  Superlattices 

J.R.  MEYER,  C.A.  HOFFMAN,  J.P.  OMAGGIO,  E.R.  YOUNGDALE, 
and  F.  J.  BARTOLI 

Naval  Research  Laboratory,  Washington,  DC  20375 
R.H.  MILES  and  D.H.  CHOW 
Hughes  Research  Laboratories,  Malibu,  CA  90265 
L.R.  RAM-MOHAN 

Worcester  Polytechnic  Institute,  Worcester,  MA  01609 

We  have  theoretically  and  experimentally  investigated  the  electronic  properties 
of  InAs-Ga^  Jn^Sb  superlattices.  It  is  found  that  a  strong  repulsion  between  the 
El  and  HI  bands  in  superlattices  with  thin  Ga^  Jn^Sb  layers  leads  to  dispersion 
relations  that  closely  resemble  those  in  HgTe-CdTe  superlattices.  Temperature- 
dependent  magneto-transport  and  magneto-optical  measurements  on  samples 
with  a  range  of  InAs  layer  thicknesses  confirm  several  of  the  theoretically 
predicted  consequences,  e.g.,  the  coexistence  of  two  electron  species  in  semime- 
tallic  superlattices  and  a  very  light  electron  cyctron  mass  in  narrow-gap 
semiconducting  samples.  The  electron  mobility  is  found  to  be  dominated  by 
interface  roughness  scattering  under  nearly  all  conditions  of  interest.  Implica¬ 
tions  for  this  system  as  an  infrared  detector  material  are  discussed. 

Key  word:  Band  structure,  InAs/GalnSb  superlattice,  magneto-transport, 
magneto-optical 


INTRODUCTION 

Hg-based  II-VI  semiconductors  have  long  been  the 
optical  materials  of  choice  for  long-wave  infrared 
(LWIR)  detectors.  Hg^_^Cd^Te  alloys  have  dominated 
this  application  for  several  decades,  although  it  has 
been  proposed  that  reduced  tunneling  noise  and  en¬ 
hanced  cutoff-wavelength  uniformity  may  be  attain¬ 
able  in  photovoltaic  (PV)  devices  employing  HgTe- 
CdTe  superlattices. While  recent  work  has  demon¬ 
strated  significant  progress  toward  the  achievement 
of  an  attractive  superlattice  detector  technology 
well-known  difficulties  with  regard  to  producibility 
and  robustness  remain  a  common  concern  for  both 
alloy  and  heterostructure  devices  containing  Hg. 

It  is  generally  acknowledged  that  the  growth  and 
processing  of  LWIR  detector  arrays  would  be  much 
less  demanding  if  narrow-gap  III-V  semiconductors 
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were  available  with  optical  and  electronic  properties 
analogous  to  those  in  the  Hg-based  II- Vis.  Unfortu¬ 
nately,  no  bulk  III-V  binary  compound  or  alloy  has  a 
cutoff  wavelength  extending  into  the  LWIR  at  77K. 
While  InAs-GaSb  heterostructures  with  relatively 
thick  layers  can  be  designed  to  have  an  arbitrarily 
small  energy  gap  (E^),^  that  system  is  inappropriate 
for  detectors  because  the  matrix  elements  for  optical 
absorption  near  the  band  edge  become  quite  small. 
The  Type-II  alignment  between  the  conduction  band 
minimum  (the  El  band  of  InAs)  and  the  valence  band 
maximum  (the  HI  band  of  GaSb)  minimizes  the 
overlap  between  the  electron  and  hole  wavefunctions. 
The  weak  El-Hl  interactions  also  lead  to  other  sig¬ 
nificant  contrasts  between  the  InAs-GaSb  and  HgTe- 
CdTe  superlattice  systems.  For  example,  whereas  a 
strong  repulsive  interaction  causes  El  and  HI  to 
invert  when  the  semiconductor-semimetal  transition 
point  is  crossed  in  a  HgTe-CdTe  superlattice  (i.e.,  El 
becomes  hole-like  and  HI  becomes  electron-like),®  the 
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Fig.  2.  Calculated  Landau  levels  (B  =  4  T)  for  a  semimetallic  [1 00]  InAs- 
Ga,_Jn,.Sb  superlatttice  at  T  =  4.2K.  Transitions  corresponding  to 
loweWorder  electron  and  hole  cyclotron  resonances  near  =  0  and 
near  =  it/d  are  indicated. 


in-plane  dispersion  relations  for  a  semimetallic  InAs- 
GaSb  superlattice  remain  relatively  unperturbed  from 
those  for  electrons  in  InAs  and  holes  in  GaSb.’"® 
Smith  and  Mailhiot  proposed  in  1987  that  much 
larger  LWIR  optical  matrix  elements  should  be  achiev¬ 
able  in  InAs-Gaj  In^Sb  strained-layer  superlattices . 
By  taking  the  layer  thicknesses  (dj  and  dg)  to  be 


relatively  thin,  and  hence  assuring  much  greater 
penetration  of  the  electron  wavefunctions  into  the 
Gaj_  Jn,jSb  and  hole  wavefunctions  into  the  InAs,  they 
obtained  a  theoretical  absorption  edge  which  was 
almost  identical  to  that  for  Hgp  ^^Cd^  2iTe.  This  predic¬ 
tion  was  subsequently  confirmed  experimentally,^ 
and  InAs-Gai_Jn,^Sb  superlattices  have  also  been 
found  to  display  other  properties  which  have  favor¬ 
able  implications  for  their  ultimate  performance  in 
LWIR  detectors.^® 

In  the  present  work,  we  show  that  the  similarities 
between  InAs-Ga^.Jn^Sb  and  Hg-based  materials  are 
much  more  extensive  than  had  previously  been  recog¬ 
nized.  In  fact,  the  electron  and  hole  dispersion  rela¬ 
tions  in  III-V  strained-layer  superlattices  with  strong 
E 1-H 1  interactions  are  found  to  closely  mimic  those  in 
HgTe-CdTe  superlattices,  while  being  quite  dissimi¬ 
lar  from  those  in  InAs-GaSb  heterostructures  with 
weak  El-Hl  interactions.  Many  distinctive  features 
of  the  HgTe-CdTe  band  structure,  which  are  known  to 
manifest  themselves  in  obseivable  experimental  prop¬ 
erties,®  carry  over  directly  into  the  InAs-Ga^_,^InjjSb 
system. 

It  should  be  emphasized  that  whereas  we  will 
contrast  the  cases  of  InAs-Gaj.Jn^Sb  with  thin  dg  and 
InAs-GaSb  with  thick  d2  (the  limits  usually  consid¬ 
ered  for  each  system),  there  is  clearly  a  continuum 
connecting  those  two  limiting  cases.  Either  decreas¬ 
ing  d2  or  increasing  x  (which  increases  the  strain  and 
hence  enhances  the  negative  energy  overlap  of  the 
bands)  makes  the  InAs-Gaj_Jn^Sb  superlattice  more 
HgTe-CdTe-like. 

Following  a  discussion  of  calculated  superlattice 
band  structures  in  the  next  section,  the  derived  theo¬ 
retical  framework  will  be  used  to  interpret  magneto¬ 
transport  (Section  on  Growth  and  Magneto-Trans¬ 
port)  and  magneto-optical  (Section  on  Magneto-Op¬ 
tics)  data  which  display  identifiable  consequences  of 
the  strong  El-Hl  interactions.  Measurements  were 
performed  on  a  series  of  n-type  samples  with  a  range 
of  InAs  quantum  well  thicknesses.  While  a  detailed 
analysis  of  the  experimental  mobility  in  terms  of 
interface  roughness  scattering  is  discussed  in  detail 
elsewhere,^®  the  present  work  will  emphasize  the 
semimetallic  regime  where  the  interband  interactions 
are  strongest  and  their  effects  on  the  experimental 
data  are  greatest. 

BAND  STRUCTURE  THEORY 

An  eight-band  transfer-matrix  (k-p)  algorithm  in¬ 
cluding  strain^'*  has  been  used  to  calculate  band  struc¬ 
tures  for  [100]-oriented  InAs-Ga^Jn^^Sb  superlattices 
as  a  function  of  layer  thicknesses.  Bulk  material 
parameters  were  obtained  from  Ref.  15,  and  the 
valence  band  offset  was  taken  to  be  -540  meV  (inde¬ 
pendent  of  x).i®’i®  Dispersion  relations  for  InAs-GaSb 
and  HgTe-Hgp  jgCd^  ggTe  superlattices  were  also  calcu¬ 
lated  for  comparison. 

We  first  consider  the  InAs-Gai_,^In,^Sb  band  struc¬ 
ture  in  the  absence  of  a  magnetic  field.  With  decreas¬ 
ing  energy  gap  (increasing  dj),  the  repulsion  of  the 
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strongly-interacting  El  and  HI  bands  leads  to  a  rapid 
decrease  of  the  in-plane  electron  and  hole  masses  (see 
the  cyclotron  resonance  results  discussed  below).  With 
further  increases  of  d^  the  El  and  HI  bands  eventu¬ 
ally  cross  at  the  semiconductor-semimetal  transition 
point.  Figure  1  illustrates  the  in-plane  (kp)  and  growth- 
direction  (k^)  dispersion  relations  for  a  semimetallic 
InAs-Ga^Jn^Sb  superlattice  (d^  =  lOOA,  dg  =  25A). 
Note  that  near  the  zone  center  the  two  bands  have 
inverted,  with  El  becoming  hole-like  along  kp  and  HI 
electron-like.  This  is  exactly  the  behavior  observed  in 
HgTe-CdTe  superlattices,  but  not  in  InAs-GaSb  with 
thicker  d2  and  hence  much  weaker  El-Hl  interac¬ 
tions  (see  the  dashed  curves  in  the  left  panel  of  the 
figure).  In  the  latter  case,  HI  remains  hole-like  and 
El  electron-like,  except  near  the  band  anti-crossing 
at  k  ~  0.015(27c/a)  (a  is  the  lattice  constant).® 

The  right  panel  of  Fig.  1  shows  that  along  the 
growth  axis  of  the  InAs-Ga^  Jn^Sb  superlattice,  the 
El  and  HI  bands  anti-cross  at  some  intermediate 
point  k^^.  When  k^  >  k^^,  El  is  the  conduction  band  and 
HI  is  the  valence  band  as  in  a  conventional  semicon¬ 
ductor.  However,  for  k^  <  k^^,  the  roles  are  reversed. 
The  conduction  band  minimum  and  valence  band 
maximum  are  therefore  both  in  the  HI  band,  yielding 
an  indirect  energy  gap  whose  magnitude  is  almost 
exactly  zero.  The  strong  repulsion  between  E 1  and  H 1 
also  leads  to  a  rough  proportionality  of  the  in-plane 
masses  to  the  energy  gap  Eg(k^),  hence  electrons  and 
holes  with  the  same  energy  but  a  wide  range  of 
effective  masses  co-exist  in  the  semimetallic 
superlattice  (mass-broadening).®  With  further  in¬ 
creases  of  d  j  k^^  eventually  reaches  the  zone  boundary 
(7i/d,  where’ d  =  d^ -h  d2),  and  a  second  semimetal- 
semiconductor  transition  occurs.®’^'^*^®  These  qualita¬ 
tive  features  are  identical  to  those  discussed  previ¬ 
ously  for  HgTe-CdTe  superlattices.® 

Figure  2  illustrates  the  band  structure  for  the  same 
semimetallic  InAs-Ga^,  Jn^Sb  superlattice  in  the  pres¬ 
ence  of  a  magnetic  field  of  4  T  along  the  growth  axis. 
A  comparison  with  Fig.  1  of  Ref.  19  indicates  that  the 
arrangement  of  the  Landau  levels  closely  resembles 
that  for  a  semimetallic  HgTe-CdTe  superlattice.  The 
dispersion  in  the  plane  becomes  quantized  into  two 
concurrent  series  of  discrete  levels,  designated  primed 
and  unprimed  (dashed  and  solid  curves),  and  in  low¬ 
est  order  only  magneto-optical  transitions  within  a 


given  series  are  allowed.  The  bands  labeled  0  and  -2' 
represent  ground  state  levels  for  E 1  and  H 1 ,  and  their 
dependences  on  k^  are  quite  similar  to  those  in  the 
absence  of  a  magnetic  field.  The  crossing  at  k^^  sepa¬ 
rates  the  region  in  which  -2'  is  a  conduction  band  and 
0  is  a  valence  band  from  that  in  which  their  roles  are 
reversed,  mixing  the  usual  distinctions  between 
intraband  (cyclotron  resonance)  and  interband  (across 
the  gap)  transitions.  For  example,  the  transition 
IH— >  0  changes  its  character  from  hole  cyclotron 
resonance  at  k  <  k  ^  to  interband  when  k  >  k  .  Also 
evident  is  that  there  is  a  strong  dependence  of  the 
cyclotron  energy  (and  therefore  the  cyclotron  mass) 
on  k^.  This  may  lead  to  the  observation  of  multiple 
cyclotron  resonance  peaks  corresponding  to  different 
portions  of  the  Brillouin  zone,  and  should  be  consid¬ 
ered  another  manifestation  of  the  mass-broadening 
effect  discussed  above. 

Also  noteworthy  is  that  above  a  certain  critical 
magnetic  field  the  band  arrangement  in  Fig.  2 
leads  to  the  ma^etic  activation  of  an  electron-hole 
plasma  whose  density  is  proportional  to  B  -  That 
phenomenon  was  predicted  theoretically  for  HgTe- 
CdTe  superlattices  and  was  confirmed  experimen¬ 
tally  by  magneto-optical  measurements.®  Because 
InAs-Gaj_ Jn^Sb  superlattices  with  a  given  k^^  remain 
semimetallic  up  to  considerably  higher  applied  fields, 
the  present  system  may  5rield  electron-hole  densities 
which  are  an  order  of  magnitude  greater  than  those 
observable  in  HgTe-CdTe. 

We  emphasize  that  the  field-dependent  band  struc¬ 
ture  in  Fig.  1  is  quite  different  from  that  for  an  InAs- 
GaSb  superlattice  (thick  d2)  with  the  same  negative 
energy  gap  at  k^  =  0.  In  that  case,  -2'  is  hole-like  and 
0  electron-like  at  small  k^,  but  both  cyclotron  masses 
are  more  than  an  order  of  magnitude  larger  than 
those  in  Fig.  2.  For  InAs-GaSb,  multiple  higher-order 
bands  often  lie  between  -2'  and  0,  in  contrast  to  both 
Fig.  2  and  semimetallic  HgTe-CdTe. 

GROWTH  AND  MAGNETO-TRANSPORT 

Magneto-transport  measurements  were  performed 
on  a  series  of  five  n-type  superlattices  with  fixed 
Gao75lnQ25Sb  barrier  thicknesses  (d2  =  25A}  but  a 
range  of  InAs  quantum  well  thicknesses  (25A  <  d^  < 
86A).  The  superlattices  were  grown  onto  (100)  GaAs 
substrates  by  molecular  beam  epitaxy  (MBE),  in  a 


Table  I.  Well  and  Barrier  Thicknesses,  Experimental  and  Theoretical  Energy  Gaps,  Low-Temperature 
Hall  Densities  and  Mobilities,  and  Experimental  and  Theoretical  Cyclotron  Masses  for  Five  n-Type 

InAs-Ga^  ^gln^  25®^  Superlattices 

d,  d2  E-p(T=0)  E^MO)  n,  |LI„(4.2K) 

(A)  (A)  (meV)  (meV)  (10^®cm-®)  (cmWs)  ni^^jP/m^  m%^lxaQ 

25  25  187  217  1.8  3900  —  0.027 

37  25  105  120  3,3  7400  —  0.024 

45  25  91  87  7.6  13000  —  0.022 

54  25  52  60  3.3  17000  0.017  0,019 

86  25  -3  0  6.3  13000  0.044-0.076  0.028-0.058 
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Fig.  3.  Experimental  (points)  and  theoretical  (curves)  low-temperature 
electron  mobilities  vs  well  thickness.  The  dashed  curve  represents 
thed®  dependence  generally  associated  with  interface  roughness 
scattering,  while  the  solid  curve  was  obtained  by  explicitly  calculating 
(8E/adi)-2  for  the  E1  band.  Both  curves  are  normalized  to  give  agree¬ 
ment  with  the  experimental  mobility  at  d^  =  54A. 


Fig.  4.  Experimental  densities  vs  temperature  for  the  two  coexisting 
electron  species  in  the  semimetallic  superlattice.  The  dashed  curve 
represents  the  p/2  dependence  expected  for  the  intrinsic  regime. 


system  which  has  been  described  elsewhere.^o  The 
growth  sequence  consisted  of  a  GaAs  buffer  layer,  a 
two  monolayer-two  monolayer  GaSb-GaAs  super¬ 
lattice  (ten  periods),  a  GaSb  buffer  layer,  the  InAs- 
Ga^  Jn^Sb  superlattice  (45-105  periods),  and  finally 
a  50bA'  GaSb  cap  layer.  The  Ga  Jn^Sb  layers  are 
believed  to  be  terminated  with  InSb-like  bonds,  while 
the  InAs  layers  are  probably  terminated  with  ap¬ 
proximately  equal  fractions  of  InSb-like  and 


Ga^_Jn^s-like  bonds.^®  The  middle  of  each  InAs  layer 
was  doped  with  silicon,  in  order  to  assure  that  the 
superlattices  had  a  net  electron  concentration  in  the 
mid-10^®  cm-^  range.  Layer  thicknesses  and  composi¬ 
tions  were  determined  from  the  growth  parameters 
and  x-ray  diffraction  data. 

For  each  sample,  the  resistivity  and  Hall  coefficient 
were  measured  as  a  function  of  magnetic  field  (B  =  0 
-  7  T)  and  temperature  (T  =  4.2-300K).  Table  I  lists 
low-temperature  electron  densities  and  mobilities 
obtained  from  a  mixed-conduction  analysis  of  the 
field-dependent  conductivity  tensor.^^  At  low  tem¬ 
peratures,  quantum  oscillations  were  observed  in  the 
diagonal  and  Hall  conductivities  for  all  five  samples, 
as  will  be  discussed  elsewhere.  The  table  also  lists  the 
zero-temperature  extrapolation  of  the  energy  gap,  as 
determined  from  the  temperature  dependence  of  the 
intrinsic  carrier  concentration  (n.).^^  Note  that  the 
experimental  values  for  agree  well  with  the  theo¬ 
retical  results  from  the  eight-band  calculation. 

The  points  in  Fig.  3  represent  the  experimental 
dependence  of  the  electron  mobility  on  InAs  layer 
thickness.  The  variation  in  the  four  semiconducting 
samples  is  seen  to  be  quite  rapid.  From  a  detailed 
analysis  of  the  temperature-dependent  and  thick¬ 
ness-dependent  data,  it  can  be  concluded  that  inter¬ 
face  roughness  scattering  dominates  the  electron 
transport  under  nearly  all  conditions  of  interest  for 
LWIR  detectors  (e.g. ,  for  all  temperatures  up  to  nearly 
300K).^^  However,  we  note  that  varies  much 

more  slowly  than  the  oc  df  dependence  (dashed 
curve)  calculated  for  an  infinite  square  welP^  and 
observed  experimentally  in  GaAs/Al^Ga^_^As,2^  HgTe- 
CdTe,2^  and  InAs/AlSb^^  quantum  wells.  This  is  be¬ 
cause  the  quantum  wells  are  quite  “leaky”  due  to  the 
very  thin  Ga^  Jn^Sb  barriers  in  the  present  super¬ 
lattices.  Hence,  the  variation  of  energy  level  with 
thickness  fluctuation  OE/39di)  is  considerably  weak¬ 
ened.  Furthermore,  we  predict  that  the  scattering 
rates  should  be  sensitive  to  fluctuations  in  d2  as  well 
as  those  in  d^.  The  solid  curve  in  Fig.  3  represents  the 
results  of  a  scaling  calculation  which  employs  dE/dd. 
from  the  band  structure  theory.  Agreement  with  the 
observed  variation  of  p„(dj)  is  seen  to  be  excellent  for 
the  four  semiconducting  samples. 

Note  from  Table  I  that  theory  yields  a  semimetallic 
band  alignment  for  the  sugerlattice  with  the  thicj^est 
quantum  wells  (d^  =  86A),  a  prediction  which  is 
confirmed  by  the  n.(T)  data.  This  sample  differs  from 
the  others,  in  that  the  low-temperature  mixed-con¬ 
duction  analysis  indicates  the  presence  of  two  differ¬ 
ent  electron  species.  Furthermore,  it  is  apparent  from 
Fig.  3  that  both  mobilities  fall  far  below  the  depen¬ 
dence  on  d^  displayed  by  the  semiconducting  samples. 
Figure  4  plots  the  temperature-dependent  concen¬ 
trations  for  both  species  (open  points),  along  with  the 
total  concentration  (filled  points).  Note  that  while  the 
density  for  the  lower-mobility  species  is  an  order  of 
magnitude  greater  at  4.2K,  electrons  are  transferred 
to  the  higher-mobility  species  with  increasing  T,  so 
that  at  40K  the  two  densities  are  approximately 
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equal.  The  total  concentration  remains  essentially 
constant  up  to  T  ~  50K,  after  which  it  gradually  begins 
to  increase  in  a  manner  consistent  with  intrinsic 
generation.  Eventually,  the  net  density  follows  the 
dependence  (dashed  curve)  expected  for  a  semimetal 
displaying  3D  dispersion.^^ 

These  observations  are  easily  understood  in  terms 
of  the  semimetallic  superlattice  band  structure.  It 
was  pointed  out  in  the  discussion  of  Fig.  1  that  we 
actually  expect  the  coexistence  of  two  distinct  elec¬ 
tron  populations:  those  occupying  HI  states  at 
and  those  occupying  El  states  at  k^  >  k^^.  The  HI 
states,  which  dominate  at  T  0  because  they  lie  at 
the  bottom  of  the  conduction  band,  should  have  a 
lower  interface-roughness-limited  mobility  because 
dEjj/ddg  >  3Ej,/3d^  for  the  relevant  layer  thicknesses. 
However,  increasing  T  should  lead  to  thermal  excita¬ 
tion  of  a  greater  fraction  of  the  population  into  the 
higher-mobility  E 1  states.  The  total  density  (n^^  +  n^^) 
should  naturally  remain  constant  until  the  intrinsic 
temperature  regime  is  reached.  In  the  next  section,  it 
will  be  seen  that  the  magneto-optical  data  similarly 
reflect  the  redistribution  of  electrons  from  HI  states 
to  El  states  with  increasing  T. 

MAGNETO-OPTICS 

Two  of  the  samples  were  studied  by  far  infrared 
(FIR)  magneto-optical  experiments,  in  which  the  trans¬ 
mission  of  unpolarized  radiation  from  a  pumped  gas 
laser  source  was  measured  in  Faraday  geometry 
(magnetic  field  and  optical  propagation  both  parallel 
to  the  growth  axis).  Figure  5  illustrates  results  for  the 
semimetallic  superlattice  (86-25A)  at  FIR  photon 
energies  of  3.28  and  17.6  meV  and  at  several  tempera¬ 
tures  between  4.2  and  73K.  At  both  photon  energies, 
a  single  cyclotron  resonance  minimum  is  observed, 
which  becomes  shallower  and  broader  with  decreas¬ 
ing  T.  In  fact,  at  w  =  3.28  meV (and  also  at  10.4  meV), 
there  is  no  distinct  feature  at  all  in  the  low- tempera¬ 
ture  limit.  At  w  =  17.6  meV,  the  minimum  moves  to 
lower  resonance  fields  (B^  with  decreasing  T,  particu¬ 
larly  between  38  and  4.2  K. 

These  observations  are  qualitatively  consistent  with 
the  calculated  semimetallic  band  structure  in  a  mag¬ 
netic  field  (Fig.  2),  and  with  the  magneto-transport 
results  for  this  superlattice  discussed  in  the  preced¬ 
ing  section.  At  low  temperatures,  only  states  near  the 
bottom  of  the  band  are  occupied,  i.e.,  the  Hl-like 
states  at  small  k^.  (The  wavefunctions  for  these  elec¬ 
trons  are  concentrated  primarily  in  the  Ga^  ^In^Sb 
layers!)  We  found  from  the  mixed-conduction  analy¬ 
sis  that  the  Hl-like  electrons  have  an  average  mobil¬ 
ity  of  only  3500  cmW  s.  Since  one  then  has  <  1  for 
the  lower  photon  energy,  it  is  not  surprising  that  no 
distinct  feature  is  observed  at  4.2K.  However,  the 
transport  results  also  indicated  that  the  higher-mo¬ 
bility  El-like  states  (larger  k^)  become  increasingly 
populated  as  the  temperature  is  raised.  Figure  2 
shows  that  these  tend  to  have  somewhat  smaller 
cyclotron  energies  at  a  given  field  (or  equivalently, 
larger  B^  at  a  given  Hw).  Due  to  their  higher  mobility 


(-13,000  cmW s),  the  E  1-like  electrons  exhibit  a  stron¬ 
ger  and  narrower  cyclotron  resonance.  Note  that  at 
/zw  =  17.6  meV,  B^  continues  to  shift  and  sharpen  as 
T  is  increased  from  38K  (where  -  n^j^)  to  70K 
(where  n^,^ »  njj^).  It  should  be  pointed  out,  however, 
that  even  at  70K,  the  observed  linewidth  exceeds  that 
expected  from  collision-broadening  alone.  This  is  prob¬ 
ably  a  consequence  of  the  mass-broadening  phenom¬ 
enon  discussed  in  the  section  on  band  structure  theory, 
since  it  is  apparent  from  Fig.  2  that  the  cyclotron 
energy  varies  significantly  with  k^  (particularly  for  0 
^  IE  transitions). 

We  also  performed  FIR  magneto-transmission  ex¬ 
periments  on  the  semiconducting  superlattice  with  d^ 
=  54A,  which  displayed  a  considerably  larger  electron 
mobility  at  low  T  (17,000  cmWs).  Preliminary  spec¬ 
tra  at  4.2K  yielded  three  distinct  peaks,  correspond¬ 
ing  to  cyclotron  masses  (mj^j^)  of  0.017,  0.028,  and 
0.061  m^.  While  the  lowest-field  feature  is  believed  to 
correspond  to  cyclotron  resonance  by  majority  elec¬ 
trons  occupying  the  interior  of  the  superlattice,  the 
other  lines  have  not  yet  been  positively  identified 
(electron  mass  broadening  should  be  relatively  in¬ 
significant  in  the  semiconducting  regime).  Further 
experiments  as  a  function  of  temperature,  circular 
polarization,  and  field  angle  would  clarify  the  inter¬ 
pretation. 

Quantitative  comparisons  between  the  theoretical 
and  experimental  results  for  the  electron  cyclotron 
masses  are  presented  in  Table  1.  A  range  of  values  are 
given  for  the  86A  sample,  since  the  spectra  in  Fig.  5 
did  not  yield  a  single  resonance  field,  and  since  the 
theoretical  m^j^  in  a  semimetallic  superlattice  varies 
considerably  with  Landau  index  and  with  k^  (see  Fig. 
2).  Although  the  experimental  values  are  approxi- 
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Fig.  5.  Experimental  magneto-transmission  vs  magnetic  field  for  the 
semimetallic  superlattice  at  two  FIR  photon  energies  and  several 
temperatures. 
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mately  1.5  times  higher  than  the  theoretical  pre¬ 
dictions,  both  span  ranges  of  roughly  a  factor  of  two. 
Theory  and  experiment  also  agree  that  at  the  relevant 
magnetic  fields,  m^^j^  should  be  smaller  in  the  semicon¬ 
ducting  54A  sample  than  in  the  semimetallic  sample. 
In  fact,  the  measured  value  of  0.017  m^  (which  agrees 
with  theory  to  within  -10%)  represents  the  first 
experimental  confirmation  that  the  strong  El-Hl 
interactions  in  Type-II  superlattices  with  small  posi¬ 
tive  energy  gaps  can  lead  to  cyclotron  masses  smaller 
than  the  bulk  values  in  either  of  the  constituents. 
This  would  not  occur  in  a  Type-I  heterostructure.  The 
table  shows  that  the  theoretical  m^^j^  monotonically 
increase  with  energy  gap  in  the  semiconducting  re¬ 
gime.  Previous  experiments  have  3delded  m^^j^  (0.030 
±  0.003)mo  for  InAs-Gai_Jn^Sb  superlattices  with 
120  meV.^^ 

DISCUSSION 

We  have  demonstrated  that  due  to  a  significant 
overlap  of  the  El  and  HI  wavefunctions  in  narrow- 
gap  Type-II  heterostructures  with  thin  layers,  the 
dispersion  relations  for  InAs-Gaj_^In^Sb  superlattices 
are  strikingly  similar  to  those  for  Hg-based  hetero¬ 
structures.  As  a  consequence,  one  expects  to  repro¬ 
duce  a  number  of  novel  phenomena  which  are  known 
to  occur  in  the  HgTe-CdTe  system.  On  the  other  hand, 
the  calculated  band  structures  differ  dramatically 
from  results  for  InAs-GaSb  superlattices  (with  thick 
GaSb  layers),  which  have  much  more  in  common 
compositionally  with  InAs-Ga^Jn^Sb  but  are  charac¬ 
terized  by  weak  El-Hl  interactions. 

We  have  further  demonstrated  that  any  mean¬ 
ingful  interpretation  of  the  experimental  magneto¬ 
transport  and  magneto-optical  properties  must  fully 
account  for  the  special  features  of  the  HgTe-CdTe-like 
band  structures.  This  applies  particularly  to  the  semi¬ 
metallic  regime,  for  which  theory  predicts  the  coexist¬ 
ence  of  electrons  occup3dng  both  Hl-like  and  El-like 
states.  We  find  that  the  field-dependent  Hall  and 
resistivity  data  for  a  semimetallic  superlattice  con¬ 
firm  the  presence  of  two  different  electron  species, 
whose  temperature-dependent  densities  and  mobili¬ 
ties  vary  as  one  would  expect  for  HI  and  El  carriers. 
Also  observed  is  that  the  slope  of  ii^^d^)  changes 
abruptly  at  the  transition  from  a  semiconductor  (in 
which  all  electrons  occupy  El)  to  a  semimetal  (in 
which  most  occupy  HI  at  low  T).  This  is  related  to  the 
lower  interface-roughness-limited  mobility  for  Hl- 
like  electrons.  While  the  magneto-transmission  spec¬ 
tra  for  the  semimetallic  sample  display  at  most  a 
broad,  weak  cyclotron  resonance  feature  when  the 
electrons  occupy  Hl-like  states  at  4.2K,  the  data 
indicate  a  thermal  activation  into  higher-mobility  E 1- 
like  states  with  increasing  T.  The  experiments  also 
confirm  the  tendency  of  the  strong  El-Hl  interactions 
to  decrease  the  in-plane  mass  to  a  value  below  that  in 
the  bulk  constituent  materials. 

While  the  present  work  has  focused  primarily  on 
the  similarities  between  III/V  strained-layer 
superlattices  and  the  better-known  Hg-based  alloys 


and  heterostructures,  there  are  naturally  differences 
between  the  two  systems  as  well.  It  is  useful  to 
consider  briefly  how  some  of  those  differences  may 
impact  on  the  performance  of  InAs-Gaj^_Jn^Sb 
superlattices  as  LWIR  detector  materials.  First,  be¬ 
cause  the  relevant  d^  and  d^  are  thin,  interface  rough¬ 
ness  scattering  dominates  the  free-carrier  transport 
under  nearly  all  conditions  of  interest.  The  in-plane 
electron  and  hole  mobilities,  therefore,  tend  to  be 
somewhat  smaller  than  those  in  Hg-based  hetero¬ 
structures  with  the  same  energy  gaps,  although  p  is 
higher  than  in  the  Hg^_^Cd^Te  alloy.^^  Since  it  is  the 
mobility  along  the  vertical  axis  which  will  govern  the 
minority-carrier  collection  efficiency  in  mesa  diodes, 
experiments  are  now  being  initiated  to  study  growth- 
direction  transport.  InAs-Ga^^^In^Sb  and  HgTe-CdTe 
superlattices  share  the  advantage  that  the  growth- 
direction  mass  is  several  times  larger  than  that  in 
LWIR  Hg^^^^Cd^Te,  which  may  ultimately  lead  to 
significantly  lower  tunneling  noise  in  PV  detectors.^ 

We  finally  point  out  that  even  in  terms  of  band 
structure,  there  is  one  significant  difference  between 
InAs-Ga^.Jn^Sb  and  HgTe-CdTe  superlattices: 
whereas  the  in-plane  valence-band  dispersion  for 
HgTe-CdTe  is  extremely  nonparabolic  (m^  tends  to 
become  quite  heavy  or  even  negative  within  ===  20  meV 
of  the  valence  band  maximum),®  mp  in  InAs-Ga^^Jn^Sb 
remains  relatively  parabolic  over  a  significant  energy 
range  (compare  Figs.  1  and  2  of  Ref  6  with  the  present 
Fig.  1).  The  nonparabolicity  results  primarily  from 
interactions  with  the  LI  band,  which  is  close  to  the 
valence  band  maximum  in  HgTe-CdTe  but  lies  at  a 
much  lower  energy  in  the  present  system  due  to 
greater  strain  and  quantum  confinement  shifts.  This 
has  the  very  important  practical  consequence  of  sup¬ 
pressing  Auger  recombination  in  InAs-Gaj_Jn^Sb 
superlattices. The  large  hole-to-electron  mass  ra¬ 
tio  in  Hg^_^Cd^Te  alloys  («100)  represents  a  worst 
case,  in  that  it  optimizes  the  conservation  of  both 
momentum  and  energy  in  the  Auger  process.  In  a 
HgTe-CdTe  superlattice,  the  situation  may  be  im¬ 
proved  somewhat^  by  the  light  in-plane  hole  mass 
near  the  valence  band  maximum,  although  one  must 
take  care  not  to  introduce  a  resonance  between  the 
energy  gap  and  the  Hl-Ll  splitting.^^  However,  the 
nearly  parabolic  hole  mass  and  large  Hl-Ll  splitting 
in  InAs-Ga^_^In^Sb  superlattices  are  ideal  for  mini¬ 
mizing  Auger  recombination.  We  have  recently  dem¬ 
onstrated  experimentally  that  the  Auger  lifetime  in 
an  LWIR  InAs-Gaj_^In^Sb  superlattice  at  77K  is  two 
orders  of  magnitude  longer  than  that  in  the  Hg^_^Cd^Te 
alloy  with  the  same  energy  gap.^^  This  finding  is  consis¬ 
tent  with  theoretical  predictions  by  Grein  et  al.^^  and 
has  favorable  implications  for  the  ultimate  perfor¬ 
mance  of  InAs-Ga^^^In^Sb  LWIR  detectors. 
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We  studied  p-type  GaAs/AlGaAs  multiple  quantum  well  (MQW)  materials  as  a 
possible  alternative  to  the  current  n-type  GaAs/AlGaAs  MQWs  for  infrared 
detection.  The  advantage  of  p-type  MQWs  is  that  absorption  of  infrared  radia¬ 
tion  at  normal  incidence  is  not  selection  rule  forbidden  as  it  is  for  the  n-type.  We 
have  verified  that  significant  photoresponse  occurs  at  normal  incidence  in  p-type 
MQWs.  We  studied  changes  in  the  photoresponse  spectrum  as  a  function  of  well 
width  and  temperature.  The  MQW  heterostructures  were  designed  to  use  bound 
to  continuum  intersubband  absorption  in  the  GaAs  valence  band  and  to  have  a 
peak  photoresponse  near  8  |LLm.  The  photoresponse  spectrum  was  compared  to 
the  first  theoretical  model  of  the  bound  to  continuum  absorption  in  p-type  GaAs/ 
AlGaAs  MQWs.  The  theoretical  absorption  curve  was  found  to  be  in  good 
qualitative  agreement  with  the  experimental  results. 

Key  words:  GaAs/AlGaAs  multiple  quantum  well  (MQW),  infrared  detectors, 
intersubband  absorption,  quantum  well  infrared  photodetector 
(QWIP) 


INTRODUCTION 

Considerable  progress  has  been  made  in  the  last 
ten  years  in  the  development  of  multiple  quantum 
well  (MQW)  heterostructures  for  long-wavelength 
(8-12  |Lim)  infrared  detection.^  In  these  quantum  well 
infrared  photodetectors  (QWIPs),  intersubband  tran¬ 
sitions  are  used  to  photo-excite  an  electron  from  a 
filled  ground  state  to  a  higher  subband  state  near  the 
top  of  the  quantum  well.  The  III-V  based  QWIPs  are 
of  increasing  interest  due  to  the  capability  of  produc¬ 
ing  large  area,  high  uniformity,  two-dimensional  (2D) 
imaging  arrays.  Most  previous  work  was  focused  on  n- 
type  (donor  doped)  GaAs/AlGaAs  multiple  quantum 
wells  since  the  lower  effective  mass  of  the  electron 
should  lead  to  superior  transport  properties. How- 
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ever,  for  these  n-type  QWIPs  intersubband  transi¬ 
tions  are  dipole  selection  rule  limited  to  couple  only  to 
infrared  radiation  with  a  polarization  component 
perpendicular  to  the  quantum  wells  (i.e.  normal  inci¬ 
dence  absorption  is  forbidden).^  This  limitation  leads 
to  the  use  of  gratings  or  45°  facets  to  bend  the  incident 
radiation  such  that  it  enters  the  quantum  well  stack 
with  a  polarization  component  in  the  growth  direction 
(z  polarized).  Although  excellent  results  have  been 
obtained  for  n-type  QWIPs  with  etched  gratings,  the 
gratings  increase  the  number  of  process  steps  and  add 
the  complication  of  grating  uniformity  over  a  large  2D 
array.  An  alternative  approach  is  to  use  p-type  (accep¬ 
tor  doped)  QWIPs  for  which  the  intersubband  selec¬ 
tion  rules  intrinsically  allow  normal  incidence  ab¬ 
sorption. 

In  p-type  GaAs/AlGaAs  multiple  quantum  well 
materials,  there  is  strong  mixing  of  the  valence  bands. 
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Fig.  1 .  Schematic  energy-band  diagram  (k||  =  0)  for  the  40A  weil  p-type 
QWIP. 


especially  with  the  conduction  band,  which  imparts 
an  additional  s-like  symmetry  (at  k||  0)  to  the 

normally  p-like  valence  band  wave  functions.  Transi¬ 
tions  between  subbands  with  s-like  and  p-like  sym¬ 
metry  components  are  not  forbidden  by  S5mimetry- 
related  quantum  mechanical  selection  rules  such 
that  absorption  of  normal  incidence  radiation  (x  or  y 
polarized)  is  allowed.  This  desirable  normal  incidence 
photo-excitation  of  p-type  quantum  well  infrared  pho¬ 
todetectors  was  studied  only  recently.^  ®  However,  the 
exact  nature  of  the  optical  transition  involved  has 
proven  difficult  to  model.  For  instance,  most  reports 
describe  the  photoresponse  as  due  to  a  transition  from 
the  first  heavy  hole  state  to  extended  states  in  the 
continuum.  These  extended  states,  proposed  to  be 
just  above  the  quantum  well  barrier,  have  been  at¬ 
tributed  to  either  a  heavy-hole-like  subband  or  a 
light-hole-like  subband.^  While  the  first  heavy  hole 
(HHl)  to  second  light  hole  (LH2)  transition  would 
have  a  large  optical  matrix  element,  our  calculations 
indicate  that  the  resonant  LH2  subband  is  too  far 
above  the  top  of  the  well  to  efficiently  couple  to  the 
localized  HHl  state  for  these  well  widths.''  Therefore, 
we  decided  to  investigate  the  exact  nature  of  the 
intersubband  transitions  involved  in  these  p-type 
QWIPs.  As  part  of  this  study,  the  photoresponse  was 


measured  as  a  function  of  well  width  in  sA  incre¬ 
ments. 

The  p-t3q)e  QWIPs  reported  here  were  made  from 
50  period  multiple  _^quantum  well  structures  with 
either  30,  35,  or  40A  well  widths  and  500A  barrier 
widths.  The  GaAs  wells  were  beryllium  doped  to  p  = 
1 X 10^®  cm"®  with  a  5A  offset  between  the  dopant  and 
the  interfaces.  The  barrier  layers  were  composed  of 
undoped  Alo  jGag^As.  This  MQW  stack  was  sand¬ 
wiched  between  two  GaAs  contact  layers  which  were 
also  beryllium  doped  to  p  =  1  x  10^®  cm'®.  These  three 
MQW  structures  were  grown  by  molecular  beam 
epitaxy  on  three  inch  GaAs  substrates,  A  schematic 
energy  band  diagram  (at  k||  =  0)  of  the  40A  QWIP  is 
shown  in  Fig.  1.  The  energy  subbands  are  labeled 
accordingto  the  symmetry  properties  ofthe  eigenstates 
at  zone  center  (HH  for  heavy-hole-like  and  LH  for 
light-hole-like  states).  Since  the  second  light  hole 
subband  is  about  20  meV  above  the  top  of  these  wells, 
we  decided  to  model  the  transition  from  a  bound  state 
to  the  continuum  of  states  above  the  barriers  in 
addition  to  any  resonant  subband  state  in  this  con¬ 
tinuum  using  a  state-of-the-art  8x8  EFA  model. 

THEORY 

The  present  calculation  is  the  first  attempt  at 
modeling  botmd-to-continuum  absorption  in  p-type 
quantum  wells.  The  electronic  structure,  wave  func¬ 
tions,  and  optical  matrix  elements  were  obtained 
from  an  8  X  8  envelope-function  approximation  (EFA) 
calculation.®  In  this  approach,  the  total  wave  function 
for  both  bound  and  continuum  states  is  expanded  as 
a  linear  combination  of  envelope  functions  multiplied 
by  the  Bloch  wave  functions  at  the  center  of  the  bulk 
Brillouin  zone  in  the  barrier  and  well  materials.  In 
our  8x8  EFA,  eight  bands — heavy-hole  (HH),  hght- 
hole  (LH),  spin-orbit  split  off  hole  (SH),  and  conduc¬ 
tion  (C) — were  taken  explicitly  into  account  in  ex¬ 
panding  the  wave  functions  for  the  quantum  wells, 
resulting  in  eight-component  envelope  functions.  In 
particular,  it  was  important  to  incorporate  the  cou¬ 
pling  ofthe  LH  states  to  the  C  band  because  it  imparts 
an  s-like  character  to  the  nominally  p-like  valence 
band  states,  which  makes  dipole  transitions  between 
valence  band  subbands  possible  at  normal  incidence. 

The  calc\ilation  for  the  bound  and  continuum  states 
proceed  independently,  owing  to  the  different  bound¬ 
ary  conditions  satisfied  by  these  states.  First,  the 
Hermitian  EFA  boundary  conditions  are  set  up  for  the 
bound  states  as  a  function  of  the  momentum  parallel 
to  the  well  walls.  Unlike  continuum  states,  each 
component  of  bound  state  wave  functions  decays 
under  the  barrier.  Once  bound  state  eigenvalues  are 
identified,  the  corresponding  wave  functions  are  cal¬ 
culated  and  their  band  content  is  examined.  At  the 
center  of  the  Brillouin  zone,  various  subbands  can  be 
classified  as  either  HH,  LH,  SH,  or  C.  Away  from  the 
Brillouin  zone  center,  the  bands  are  coupled  and 
acquire  a  mixed  character.  This  gives  rise  to  avoided 
crossings  and  nonparabolicities  of  the  resulting  bands. 
As  importantly,  there  is  an  admixture  of  the  conduc- 
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tion  band  content  into  the  valence  band  subbands. 
Figure  2  shows  the  calculated  band  dispersions  for  a 
35A  GaAs/Al^  3QGaQ  7qAs  quantum  well  as  a  function  of 
the  parallel  momentum.  The  ground  state  subband  is 
labeled  as  HHl  and  is  followed  by  subbands  LHl  and 
HH2,  which  is  located  near  the  top  of  the  well.  Note 
that  the  bands  are  characterized  by  large  nonpara- 
bolicities.  In  fact,  the  LHl  band  first  curves  upward, 
resulting  in  an  electron-like  curvature. 

For  the  range  of  doping  used  in  our  MQWs,  only  the 
lowest  subband  (HHl)  is  occupied  by  holes.  In  order  to 
calculate  the  extent  of  hole  filling  of  the  ground-state 
subband,  the  density  of  states.  Fig.  3,  and  the  inte¬ 
grated  density  of  states  were  obtained  based  on  the 
energy  bands  of  Fig.  2.  The  density  of  states  gives  the 
number  of  energy  states  per  unit  energy  interval 
available  for  hole  occupancy  of  the  energy  bands. 
Bands  HHl  and  HH3  produce  step-like  onsets  at 
about  -37  and  -131  meV  while  the  LHl  band  pro¬ 
duces  the  logarithmic  singularity  at  about  -73  meV 
which  is  the  result  of  its  electron-like  curvature  in 
Fig.  2.  Integrating  the  density  of  states  results  in  the 
integrated  density  of  states  of  Fig.  4,  which  gives  the 
sheet  density  as  a  function  of  the  band  filling,  from 
which  one  can  read  off  the  Fermi  level  directly. 

Continuum  states  are  obtained  in  the  second  step  of 
the  calculation.  It  must  be  pointed  out  that  we  do  not 
use  an  artificial  large  box  to  enclose  the  whole  system 
in  order  to  create  two  extra  boundaries  to  confine  the 
continuum  wave  functions,  thus  creating  an  extra 
quantization  condition.  By  avoiding  this  stratagem, 
we  are  the  first  to  treat  this  problem  as  a  true 
continuum  problem. 

We  do  this  as  follows.  At  an  energy  greater  than  the 
well  height,  we  select  states  that  can  propagate  in  the 
barrier  (i.e.,  have  real  momenta  and  thus  do  not 
decay).  For  the  energy  range  of  interest  to  our  study, 
these  states  are  either  heavy-hole  or  light-hole  like. 
Due  to  Kramer’s  degeneracy,  there  are  two  HH  and 
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Fig.  2.  The  calculated  energy  bands  for  35A  GaAs/Alp  gGaQ^As  quan- 
turn  well  as  a  function  of  the  parallel  momentum  (Bohr  radius  = 
0.5291  Ilk).  Counting  from  the  top,  the  bands  are  HHl ,  LHl ,  and  HH2. 
The  zero  of  energy  Is  at  the  top  of  the  valence  band  of  bulk  GaAs.  We 
use  a  60/40  conduction-to-valence  band  offset  ratio.  The  well  depth  Is 
-149.6  meV. 


two  LH  positive-going  states  in  the  barrier  and  the 
like  number  of  negative-going  states  at  a  given  energy 
and  parallel  momentum.  For  convenience,  these  states 
were  superposed  to  be  either  even  or  odd  with  respect 
to  the  reflection  in  the  plane  through  the  middle  of  the 
well.  Upon  hitting  the  well,  an  incident  state  that  is  of 
either  HH  or  LH  character  is  partially  scattered  back 
and  partially  transmitted  as  a  mixture  of  all  eight 
states  in  the  model.  The  exact  admixture  is  deter¬ 
mined  by  solving  the  appropriate  boundary  condition 
matrix  for  the  scattering  problem  (further  details  will 
be  the  subject  of  a  separate  paper).  This  approach  is 
capable  of  yielding  not  only  regular  continuum  states 
but  also  resonant  states  in  the  continuum. 

Next,  the  wave  functions  for  the  bound  and  excited 
states  are  used  to  obtain  the  requisite  matrix  element 
of  momentum  which  governs  the  strength  of  optical 
transitions  between  the  filled  states  in  the  well  and 
the  continuum  states  in  the  barrier.  The  required 
matrix  elements  were  obtained  using  an  extension  of 
the  formalism  of  Chang  and  James^  to  the  case  of 
finite  barriers  and  of  an  8  x  8  EFA  (the  extension  will 
be  the  subject  of  a  separate  paper).^® 

The  last  step  in  the  calculation  is  the  linear  ab¬ 
sorption  coefficient.  The  linear  absorption  coefficient 
is  an  integral  over  the  initial  and  final  states  weighted 
by  the  matrix  element  of  momentum  squared  be- 
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Fig.  3.  The  density  of  states  corresponding  to  Fig.  2. 


Fig.  4.  Low-energy  detail  of  the  integrated  density  of  states  showing 
the  position  of  the  Fermi  level  for  the  sheet  density  used  In  this  work. 
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Fig.  5.  The  calculated  linear  absorption  coefficient  for  the  30A  well  as 
a  function  of  energy  at  normal  incidence  (x-y  polarization)  for  several 
hole  sheet  densities.  Exchange  energy  corrections  were  not  applied. 
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Fig.  6.  The  calculated  linear  absorption  coefficient  for  the  40A  well  as 
a  function  of  energy  at  normal  incidence  (x-y  polarization)  for  several 
hole  sheet  densities.  Exchange  energy  corrections  were  not  applied. 

tween  these  states.  The  conservation  of  energy  is 
ensured  by  an  energy  delta  function  and  the  conserva¬ 
tion  of  momentum  only  allows  transitions  between 
bound  and  continuum  states  of  the  same  parallel 
momentum.  The  density  of  final  states  is  obtained 
from  the  derivative  of  the  continuum  state  energy 
with  respect  to  the  incident  wave  momentum. 

Figures  5  and  6  display  the  calculated  linear  ab¬ 
sorption  coefficient  for  30  and  40A  wells,  respectively, 
as  a  function  of  photon  wavelength  and  doping  in  the 
well.  Only  absorption  for  x-polarized  light  (normal 
incidence)  is  shown  (z-polarization  will  be  the  subject 
of  a  separate  paper).  Clearly,  the  higher  the  doping, 
the  stronger  the  absorption.  Mathematically,  higher 
doping  necessitates  integration  to  higher  parallel 
momenta  in  the  ground  state  band.  The  absorption  for 
the  30A  well  is  broad  and  featureless.  For  the  40A 
well,  the  peak  absorption  moves  toward  the  long- 
wavelength  threshold  and  exhibits  some  structure. 
This  structure  is  related  to  the  fact  that  at  higher  k- 
parallel  values  (which  come  in  at  higher  doping),  near 
the  absorption  threshold,  the  LH  states  are  nonpro¬ 
pagating  (that  is,  correspond  to  decaying  states)  and 
only  HH  states  are  propagating  in  the  barrier. 


Fig.  7.  Comparison  of  the  normal  incidence  photoresponse  spectra  for 
the  30, 35,  and  40A  well  width  multiple  quantum  well  materials,  at  T  = 
9Kand  V,=  +2.6V. 


We  also  estimated  the  size  of  possible  many-body 
effects  on  the  position  of  the  peaks  in  the  calculated 
spectrum.  Because  of  the  extended  nature  of  the 
continuum  states  (which  gives  rise  to  a  small  overlap 
between  the  ground  and  continuum  state  wave  func¬ 
tions),  the  depolarization  and  exciton  shifts  are  ex¬ 
pected  to  be  small. However,  we  estimate  the  ex¬ 
change  energy  for  the  HHl  ground  state  to  be  on  the 
order  of-12.4  and  -15.2  meV  for  the  30  and  40A  wells, 

respectively.  This  would  shift  the  long- wavelength 

cutoff  from  11.8  to  1 0.6  yim  for  the  30A  well  and  from 
10.5  to  9.3  |Lim  for  the  40A  well.  The  calculated  spectra 
were  not  broadened. 

RESULTS  AND  DISCUSSION 

The  photoresponse  vs  wavelength  was  measured 
using  a  Fourier  transform  spectrometer.  The  mea¬ 
sured  response  is  not  a  quantitative  responsivity 
measurement,  but  it  allows  a  qualitative  comparison 
of  different  samples  run  under  the  same  conditions  or 
of  the  same  sample  run  under  different  conditions 
such  as  temperature  and  bias.  The  measurements 
were  made  on  5  by  5  mm  etched  mesas  using  the  top 
and  bottom  contact  layers  to  vertically  bias  the  MQW 
stack.  It  should  be  noted  that  the  absorption  bands  on 
the  photoresponse  spectra  are  due  to  the  vacuum 
grease  that  was  used  to  mount  the  samples  on  the 
coldfinger  of  the  cryostat. 

Normal  incidence  photoresponse  was  verified  in  all 
three  of  the  p-type  MQW  heterostructures  studied 
(Fig.  7).  The  energy  that  corresponds  to  the  peak 
response  for  each  of  these  wells  does  not  match  the 
transition  energy  for  a  HHl  (bound)  to  LH2  (reso¬ 
nant)  intersubband  transition.  For  instance,  in  the 
35A  well  the  energy  of  the  peak  response  is  144  meV 
(Xp  =  8.6  pm)  while  the  calculated  HH1-LH2  transi¬ 
tion  energy  is  202  meV.  A  peak  response  at  144  meV 
would  correspond  to  transitions  close  to  the  top  of  the 
well.  This  agrees  closely  with  the  theoretical  absorp¬ 
tion  coefficient  spectrum  for  transitions  to  the  con- 
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tinuum  which  similarly  peak  within  a  few  meV  above 
the  top  of  the  wells.  Not  only  does  the  photoresponse 
peak  position  match  closely  the  theoretical  results 
but  also  the  shape  of  the  photoresponse  spectrum. 
Figure  8  shows  the  calculated  linear  absorption  coeffi¬ 
cients  for  the  30,  35,  and  40A  wells  at  hole  sheet 
densities  close  to  those  used  in  the  samples  studied. 
The  absorption  in  the  4pA  well  is  stronger  and  nar¬ 
rower  than  for  the  30A  well.  The  increase  in  the 
strength  and  in  the  narrowness  of  the  absorption 
indicates  the  distant  approach  of  the  resonant  state 
related  to  the  LH2  band  toward  the  top  of  the  well. 
Similarly,  the  photoresponse  study  found  that  the 
40A  response  was  narrower  and  had  a  higher  peak 
intensity  than  the  30A  well.  The  shift  of  the 
photoresponse  cut-off  wavelength  to  longer  wave¬ 
lengths  also  matches  the  shift  in  the  calculated  ab¬ 
sorption  onsets.  These  shifts  reflect  the  movement  of 
the  HHl  state  to  higher  energies  as  the  well  width 
decreases. 

Photoluminescence  (PL)  studies  were  also  made  on 
the  three  p-type  MQW  materials,  with  the  top  contact 
layer  etched  off.  The  PL  peaks  associated  with  the 
HHl  to  Cl  transitions  for  each  of  the  three  well 
widths  are  shown  in  Fig.  9.  As  expected,  the  PL  peaks 
shift  to  higher  energy  as  the  well  width  is  narrowed 
due  to  shifting  of  the  Cl  and  HHl  states  to  higher 
energies.  However,  the  double  peaks  for  the  30  and 
35A  wells  were  not  anticipated.  The  cause  of  these 
double  peaks  is  still  under  study.  One  possible  expla¬ 
nation  for  these  double  peaks  is  that  the  interfaces  are 
rough  causing  the  well  width  to  vary.  This  possible 
variation  in  the  well  widths  also  correlates  with  x-ray 
diffraction  results  which  had  the  largest  uncertainty 
for  the  35A  well  width. 

To  compare  the  photoresponse  from  the  p-type 
materials  to  the  more  familiar  n-type  MQWs,  two  n- 
type  samples  were  grown  as  part  of  the  sample  set.  A 
comparison  of  the  normal  incidence  photoresponse 
spectrum  of  a  n-type  MQW  to  that  of  a  p-type  is  shown 
in  Fig.  10.  While  the  n-type  peaked  at  a  slightly  longer 


Fig.  8.  The  calculated  linear  absorption  coefficient  for  the  three  well 
widths  corresponding  to  the  experimentally  measured  p-doped  MQWs 
at  normal  incidence  as  a  function  of  photon  wavelength.  The  doping 
concentration  is  10^®  cm-^  and  exchange  energy  corrections  were 
made. 


wavelength,  it  can  still  be  seen  that  the  peak 
photoresponse  of  the  p-type  MQW  is  about  four  times 
stronger  than  the  n-type.  This  residual  normal  inci¬ 
dence  photoresponse  in  n-type  MQWs  has  been  previ¬ 
ously  reported  and  was  attributed  to  optical  scatter¬ 
ing  and  mesa  edge  coupling.^  The  n-type  response 
tends  to  increase  by  an  order  of  magnitude  when  a  45° 
facet  is  used  to  couple  in  the  incident  light.^  Even  with 
this  order  of  magnitude  increase  in  the  n-type  re¬ 
sponse,  the  p-type  response  at  normal  incidence  still 
compares  favorably.  This  is  especially  notable  since 
the  n-type  samples  were  designed  to  have  a  C2  ex¬ 
tended  state  near  the  top  of  the  conduction  band  well. 

The  photoresponse  spectra  were  also  studied  as  a 
function  of  temperature.  For  all  three  of  the  p-type 
samples,  the  magnitude  of  the  photoresponse  de¬ 
creased  with  increasing  temperature  from  9  to  80K 
(Fig.  11).  This  decrease  in  signal  is  more  rapid  than 
can  be  accounted  for  by  significant  thermionic  emis¬ 
sion  of  holes  out  of  the  well.  Some  process  with  a  lower 
activation  energy  must  be  responsible.  Arrhenius  fits 
to  the  photoresponse  peak  intensity  vs  temperature 
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Fig.  9.  A  comparison  of  the  photoluminescence  spectra  for  the  30, 35, 
and  40A  MQW  materials,  with  the  top  contact  etched  off. 
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Fig.  1 0.  Comparison  of  the  normal  incidence  photoresponse  spectra 
for  a  p-type  and  an  n-type  GaAs/AIGaAs  MQW,  at  T  =  9K  and  Vj, = +2.6. 
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Fig.  1 1 .  The  photoresponse  spectra  of  the  40A  well  MQW  at  various 
temperatures:  T=  9,  30,  40,  50,  and  60K. 
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Fig.  12.  Temperature  dependence  of  the  photoluminescence  peak 
intensities  for  the  35A  well  MQW  from  4.3  to  60K. 

gave  an  activation  energy  of  about  25  meV.  The 
nature  of  this  low  activation  energy  is  still  under 
study.  Interestingly,  the  PL  peaks  show  a  similar 
rapid  decrease  in  intensity  in  this  temperature  range 
(Fig.  12).  Note  the  difference  in  the  temperature 
dependence  of  the  two  PL  peaks  associated  with  the 
35A  well.  The  higher  energy  peak  disappears  at 
higher  temperatures  and  is  associated  with  the  domi¬ 
nant  quantum  well  HHl-Cl  transition.  In  any  case, 


the  poor  temperature  dependence  of  these  MQWs 
indicates  that  these  materials  could  be  further  im¬ 
proved  under  more  optimum  growth  conditions. 

CONCLUSIONS 

Normal  incidence  photoresponse  was  verified  in 
the  p-type  GaAs/AlG^s  multiple  quantum  well  ma¬ 
terials  studied.  The  p-type  photoresponse  was  much 
stronger  than  the  normal  incidence  photoresponse  of 
the  n-type  quantum  wells  studied.  We  have  deter¬ 
mined  that  the  p-type  photoresponse  for  the  30  to  40A 
well  widths  is  not  solely  due  to  a  transition  to  a 
resonant  excited  state  in  the  continuum.  We  have 
developed  the  first  8x8  EFA  calculation  for  transi¬ 
tions  to  continuum  states  which  accurately  models 
the  bound  to  continuum  absorption  in  these  p-type 
materials.  The  calculated  linear  absorption  coeffi¬ 
cient  curves  are  in  good  qualitative  agreement  with 
the  experimental  photoresponse  results. 

Although  these  initial  results  are  promising,  these 
materials  could  be  further  improved  by  designing  a 
resonant  excited  state  to  be  just  above  the  top  of  the 
well.  This  would  greatly  increase  the  optical  absorp¬ 
tion  coefficient.  Also,  the  mechanism  for  the  observed 
temperature  dependence  in  the  quantum  wells  needs 
further  study  in  order  to  determine  optimized  growth 
conditions. 
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Details  are  provided  concerning  the  basic  point  defect  parameter  set  of  the 
Stanford  University  mercury  cadmium  telluride  process  simulator  (SUMerCad). 
The  Hg  interstitial  and  vacancy  parameters  are  presented  and  justified  for  x  = 
0.2  material.  In  particular,  values  for  the  thermodynamic  limits,  diffusion 
coefficients,  recombination  rates,  generation  rates,  and  boundary  conditions  are 
specified  and  their  determination  methodology  is  reviewed.  The  parameters 
have  been  determined  for  overall  consistency  with  a  specific  pool  of  experimental 
results  which  include  studies  of  Hg  self-diffusion,  type-conversion,  and  the 
existence  region.  Our  presentation  will  review  the  current  state  of  the 
Hgi_„Cd^Te  modeling  effort,  and  outline  the  future  direction  of  the  simulator, 
providing  examples  and  discussion.  Finally,  some  issues  related  to  the  future 
development  of  SUMerCad  are  discussed,  including  electric  field  effects,  general 
boundary  conditions,  alternative  junction  formation  processes,  extended  de¬ 
fects,  and  interdiffusion. 
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INTRODUCTION 

The  Stanford  University  mercury  cadmium  tellu¬ 
ride  process  simulator  (SUMerCad)  is  a  design  tool 
intended  to  facilitate  the  development  of  advanced 
infrared  technologies  by  enhancing  our  understand¬ 
ing  of  the  fundamental  mechanisms  involved  in  the 
formation  of  modern  device  structures  and  increasing 
the  accessibility  of  this  information.  SUMerCad  is 
based  upon  intuitive,  physical  ideas  translated  into  a 
fully  descriptive  kinetics  framework  which  captures 
the  essence  of  the  underlying  mechanisms  involved  in 
the  various  processes  required  to  form  viable  device 
structures.  The  solutions  translate  the  mathematical 
descriptions  into  tangible  information  of  significant 
value  to  the  process  engineer.  Based  upon  soimd 
physics,  chemistry,  thermodynamics,  and  kinetics, 
the  modeling  approach  lends  itself  well  to  extension, 
rather  than  merely  extrapolation,  beyond  the  basic 
set  of  experiments  necessary  to  establish  parameter 
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values.  SUMerCad  is  projected  to  reduce  the  develop¬ 
ment  time  of  modem,  sophisticated  focal  plane  ar¬ 
rays,  yielding  substantial  cost  savings.  In  addition,  a 
comprehensive  process  simulator  for  Hgj_^Cd^Te  will 
be  critical  for  cost  effective  development  of  systems 
for  new  or  specialized  applications,  which  have  tradi¬ 
tionally  been  cost  prohibitive. 

A  year  ago,  we  established  the  foundation  for  the 
development  of  a  comprehensive  and  self-consistent 
modeling  methodology  to  be  apphed  to  the  Hgj  ^Cd^Te 
system.  1  Initial,  qualitative  results  supported  the 
implementation  of  a  descriptive  framework  based 
upon  a  reaction  kinetics  formalism  of  point-defect 
processes.  Since  our  initial  work,  we  have  succeeded 
in  determining  a  definitive  parameter  set  by  fits  to  a 
specific  pool  of  experimental  results.^^^  Simulations 
extended  beyond  this  experimental  basis  have  agreed 
well  with  additional  and  subsequent  experimental 
data,  making  no  adjustments  to  the  basic  parameter 
set  necessary.  In  this  report,  we  will  summarize  the 
current  status  of  our  modeling  effort,  presenting  ex¬ 
amples  illustrative  of  the  power  of  SUMerCad  as  a 
predictive  tool.  The  basic  parameter  set  will  be  pre- 
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sented  and  justified.  In  addition,  the  future  direction 
of  development  of  the  simulator  will  be  discussed. 

PARAMETER  SET  AND  DEVELOPMENT 

The  basic  reaction  kinetics  description  is  defined  by 
point-defect  diffusion  coefficients,  as  well  as  thermo¬ 
dynamic,  interaction,  and  boundary  condition  param¬ 
eters.  These  values  have  been  determined  as  a 
function  of  temperature  for  consistency  with  a  variety 
of  experimental  investigations.^-^’^  Experiments  are 
currently  underway  to  extract  the  defining  param¬ 
eters  for  cation  impurities."^  While  these  results  em¬ 
phasize  X  =  0.2  material,  experimental  studies  are 
available  which  allow  the  determination  of  some  of 
the  parameters  as  a  function  of  x-value.^’^*^^^®  In  fact, 
we  have  already  established  the  framework  neces¬ 
sary  to  model  interdiffusion,  heterostructure  stabil¬ 
ity  issues,  and  epitaxial  growth,  though  additional 
development  and  experiments  will  be  necessary  to 
provide  the  information  necessary  to  establish  the 
model  parameters  for  these  complicated  systems. 
Such  studies  are  critical  for  the  establishment  of  a 
complete  Hg^^^Cd^Te  simulator.  In  this  section,  some 
of  the  important  parameter  values  representing  the 
basic  point-defect  interactions  and  motion  will  be 
presented  and  the  determination  methodology  will  be 
discussed.  The  bulk  parameters  are  defined  by  the  set 
of  continuity  equations  representing  the  first  order 
reaction  kinetics, 


di  T-k  1  • 

—  =  D. - k.  IV +  g 

at  ^  3x2  -  ^ 


(1) 


av  a^v  T  . 


(2) 


where  i  and  v  are  the  concentrations  of  doubly  ionized 
Hg  interstitials  and  vacancies  respectively,  g  is  the 
generation  rate  of  Hg  interstitial  and  vacancy  pairs, 
k.^  is  the  recombination  rate  constant,  and  the  Ds  are 
the  respective  diffusion  coefficients. ^’^2  xhe  interrela¬ 
tion  between  these  parameters  and  experimental 
studies  of  type-conversion,  Hg  self-diffusion,  and  in¬ 
terdiffusion  are  discussed  in  detail  in  Part  11. ^2  Here 
we  have  assumed  that  the  Hg  interstitials  are  doubly 
ionized,  though  this  is  not  critical  for  the  present 
analysis.  In  addition,  the  drift  component  has  been 
neglected  since  its  contribution  is  typically  negligible 
for  HgogCdo  2Te,  though  it  may  be  determined  when 
necessary  from  the  given  parameter  set,  through  an 
appropriate  relationship  of  the  point-defect  mobility 
to  the  diffusivity. 

Thermodynamic  Parameters 

The  limits  of  kinetic  modeling  are  provided  by  the 
thermodynamic  boundaries  of  a  given  system.  For 
example,  if  an  anneal  is  performed  for  a  sufficient 
duration,  the  material  will  equilibrate,  the  resulting 
defect  concentrations  will  be  uniform,  and  their  val¬ 
ues  will  be  given  by  a  thermodynamic  analysis  of  the 
given  process  conditions.  For  Hg^  gCd^  gTe,  the  exist¬ 


ence  region  of  the  phase  diagram  has  been  character¬ 
ized  in  detail.^  Pressure  and  temperature  dependence 
studies  have  mapped  out  the  equilibrium  vacancy 
concentration  over  the  regions  of  interest  and  these 
dependencies  have  been  examined  in  the  literature.^’^ 
Since  thorough  analyses  are  available,  only  a  brief 
summary  is  presented  here. 

The  quasi-chemical  reaction  between  the  Hg  in  the 
vapor  phase,  Hg(g),  and  the  neutral  vacancies,  v°,  is 
given  by, 

Vc“a«o„+Hg(g)^HgH,.  (3) 

In  equilibrium,  Eq.  (3)  indicates  that  the  charge 
neutral  vacancy  concentration  will  be  inversely  pro¬ 
portional  to  the  Hg  pressure.  Note  that  the  equi¬ 
librium  population  of  neutral  vacancies  is  not  a  func¬ 
tion  of  the  Fermi  level  of  the  material.  In  contrast,  the 
doubly  ionized  vacancy  populations,  v,  will  vary  with 
the  Fermi  energy.  Consider  the  relationship  between 
the  neutral  and  doubly  ionized  vacancies  given  by. 


^Cation  ^Xcation+^p-", 


(4) 


where  p  is  the  concentration  of  holes.  In  equilibrium, 
V  is  given  by, 


v 


(5) 


where  K  is  a  constant.  At  temperatures  where  the 
material  is  intrinsic,  v  is  related  to  the  intrinsic 
carrier  concentration,  n.,  by  a  trivial  substitution  of  n. 
for  p  in  Eq.  (5).  For  anneal  conditions  where  the 
material  is  dominated  by  holes  due  to  the  doubly 
ionized  vacancies,  p  =  2v  and  Eq.  (5)  becomes. 


v  = 


(6) 


Equations  (5)  and  (6)  indicate  the  intrinsic  to  ex¬ 
trinsic  transition  will  be  characterized  by  a  change  in 
the  doubly  ionized  vacancy  Hg  pressure  dependence 
from  Pjjg-^  to  respectively,  a  result  which  has 

been  reported  by  Vydyanath.^’^  In  fact,  Eq.  (6)  is  an  over¬ 
simplification  in  that  it  neglects  the  dependence  of  the 
thermodynamic  equilibrium  constant  on  the  Fermi 
energy.  Above  450°C,  the  thermal  energy  (kT)  is 
greater  than  62  meV,  which  is  a  significant  fraction  of 
the  bandgap  even  at  the  elevated  temperatures.  In 
addition,  as  the  material  becomes  more  p-type,  the 
Fermi  level  moves  closer  to  the  valence  band  and  the 
energy  state  of  the  doubly  ionized  vacancies,  reducing 
their  allowable  population.  Fermi-Dirac  statistics 
must  be  considered  to  quantify  this  reduction  and 
keep  track  of  the  increased  concentration  of  the  singly 
ionized  or  neutral  vacancies.  At  temperatures  below 
450'^C,  the  intrinsic  limit  is  approximately  valid  over 
the  entire  existence  region  of  the  phase  field  for 
Hgo  3Cdo  2Te.  In  this  regime,  the  Hg-rich  equilibrium 
doubly  ionized  vacancy  concentration,  Vj^"",  is  given  by,^-^ 


v^  =  (2.10x  1023cm-3)exp 


-1.02eV 


kT 


(7) 
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where  k  is  Boltzmann’s  constant.  The  Hg-rich  vapor 
pressure  curve  is  given  by, 

^HgEich  =  (1-32  X  10Satin)exp  ,  (8) 

Under  Hg  poor,  or  Te-saturated  conditions,  the  equi¬ 
librium  doubly  ionized  vacancy  concentration,  v;“ ,  is 
given  as, 

Vp"  =(6.02x  10^icm-®)exp  — ,  (9) 

iC  X 

and  the  corresponding  Hg  pressure  is  given  by, 

Pngpoor  =  (4.59  X  106atm)exp|^^^^; - J .  (10) 

Equations  (7)  and  (9)  establish  the  boundaries  of  the 
existence  region  and  are  consistent  with  Schaake’s 
experimental  results  in  this  temperature  regime.  In 
between  these  limits,  the  doubly  ionized  vacancy 
concentration  is  given  by. 


2.77  X  lO^^cm-^atm 
v=  - - -  exp 


'-1.66eV' 

kT  J- 


would  have  to  be  negative.  We  set  E'  to  be  0.415  eV 
to  provide  a  finite  activation  energy  of  0. 15  eV  for  the 
Hg  interstitial  diffusivity.  Experimental  observations 
indicate  that  the  doubly  ionized  Hg  interstitial  con¬ 
centrations  in  equilibrium  with  the  vapor  phase,  are 
always  much  less  than  the  corresponding  vacancy 
population.  This  restriction  sets  an  upper  limit  on  the 
Hg  interstitial  concentration  pre-exponential.  We  have 
set  the  Hg-rich  interstitial  concentrations  at  the  limit 
of  this  restriction  in  order  to  obtain  a  ball  park 
entropy  value.  The  results  are  summarized  in  Table  I 
and  the  equilibrium  Hg  interstitial  concentrations 
are  given  by, 

■_0  415pV" 

i  =  (1.16  xl0^^cm^atm-i)PHg  exp — .  (15) 

JBl-L 

Recall  that  the  equilibrium  Hg  interstitial  and 
vacancy  concentrations  may  be  related  to  the  thermo¬ 
dynamic  equilibrium  rate  constant  of  the  chemical 
reaction, 

VcT«„„+Hgr^Hg„^,  (16) 

by  the  relationship. 


Berding  et  al.  have  given  the  form  of  Eq.  (11)  to  be, 


where  is  the  site  density,  Sy  is  the  entropy,  and 
Ev  is  the  formation  energy  of'reaction, 

E;^^  +HgTe  o  V„Je  +  Hg(g).  (13) 

Berding  et  al.  determined  the  values  of  the  entropy 
and  formation  energy  terms  for  neutral  point  defects 
in  HgTe,  assuming  equilibrium  conditions,  and  their 
values  are  shown  in  Table  1.  While  Eq.  (11)  is  for 
doubly  ionized  vacancies  in  HgQgCdQ2Te,  we  would 
expect  to  obtain  ball  park  entropy  and  formation 
energy  values.  Fitting  Eq.  (11)  to  Eq.  (12),  we  obtain 
reasonable  agreement  with  the  calculations  of  Berding 
et  al.,  as  shown  in  Table  I. 

The  value  of  the  doubly  ionized  Hg  interstitial 
concentration,  i,  is  substantially  more  elusive,  since  it 
cannot  be  directly  determined  from  experiment. 
Berding  et  al.  have  considered  the  reaction, 

E;,^^+Hg(g)oHg,,  (14) 

for  HgTe  and  determined  a  formation  energy  of 
1.75  eV.  We  have  attempted  to  match  this,  but  are 
limited  by  the  Hg-rich  self-difFusivity  activation  en¬ 
ergy  determined  to  be  1.2  eV.®  This  quantity  restricts 
®Hg  values  less  than  0.565  eV.  Otherwise,  the  Hg 
interstitial  diffusion  coefficient  activation  energy 


The  g/k.^  ratio  is  not  known  experimentally,  though 
we  may  determine  the  SUMerCad  value  by  using  Eqs. 
(11)  and  (15), 


=  (3.21  X  10^^cm-^)exp 


-2.075eV 

kT 


Pending  further  refinements  in  the  theoretical  for¬ 
malism,  there  will  remain  a  significant  uncertainty  in 
the  actual  interstitial  defect  concentrations.® 

The  existence  regions  for  the  doubly  ionized  Hg 
interstitials  and  vacancies  given  by  Eqs.  (8),  ( 10),  ( 1 1), 
and  (15)  are  plotted  in  Fig.  1  as  a  function  of  inverse 
temperature.  The  Hg  poor  limits  will  begin  to  deviate 
from  these  lines  above  450°C  because  of  extrinsic 
effects.  The  absolute  values  of  the  Frenkel  interaction 
rates,  g  and  k.^,  will  be  discussed  in  a  later  section. 


Table  I.  Comparison  of  Theoretical  and 
SUMerCad  Values  for  the  Entropy  and  Formation 
Energy  of  Hg  Interstitials  and  Vacancies 

Berding  et  al. 
Neutral,  HgTe 

SUMerCad 

Ionized, 

HgogCdo^Te 

1.93  eV 

1.66  eV 

Sv. 

-66.3  to  -76.4  X  10“^  eV/K 

-49.4  X  10-5  eV/K 

1.75  eV 

0.415  eV 

^Hg, 

72  to  82  X  10-®  eV/K 

76.2  X  10-5  eV/K 
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Fig.  1 .  Hg  interstitial  and  cation  vacancy  concentration  for  x  =  0.2 
material  at  the  phase  limits,  in  the  temperature  range  where  the 
materia!  is  intrinsic  at  all  Hg  pressures. 

SimpliHed  Vapor  Phase  Boundary  Conditions 

Compared  to  the  bulk  parameters,  the  general 
boundary  condition  formalism  is  significantly  more 
complex.  Whereas  the  bulk  coefficients  are  functions 
of  the  local  composition  and  temperature,  the  bound¬ 
ary  conditions  must  be  adapted  to  the  various  types  of 
interfaces  possible.  For  example,  the  vapor  phase, 
various  insulators,  and  substrates  may  be  expected  to 
interact  differently  with  respect  to  point  defect  trans¬ 
fer,  generation,  and  recombination.  The  important 
relationships  which  describe  the  general  vapor  phase 
boundary  conditions  will  be  discussed  in  a  later  sec¬ 
tion.  However,  some  of  the  most  common  processes 
are  adequately  modeled  using  the  simplified  vapor 
phase  boundary  conditions  for  Eqs.  (1)  and  (2)  given 
by, 

-D;  +  yrJsurta^  =  ^iPag 

surface 


=0,  (20) 

where  v^^^  is  the  recombination  velocity  and  S.  is  the 
Hg  interstitial  sticking  probability.  In  SUMerCad, 
the  simplified  boundary  conditions  are  defined  by  the 
parameters  hi2,  hig,  hv2,  and  hvg  which  may  be  deter¬ 
mined  by  comparison  of  Eqs.  (19)  and  (20)  with. 


-(hi2)i,urface=-(hi3) 


di 

dx 


-KKrface=-(hV3),  (22) 

surface 

where  it  is  clear  that  hv2  and  hvg  are  zero.  In  equilib¬ 
rium,  the  derivatives  go  to  zero,  requiring  the  ratio 
hi^/hi^  to  be  equal  to  the  equilibrium  Hg  interstitial 
concentration  set  by  the  ambient  conditions.  This  also 
sets  the  proper  equilibrium  vacancy  concentration 
through  the  use  of  Eq.  (17).  The  magnitudes  were 
chosen  to  be  sufficiently  large  to  model  the  strong 
driving  force  indicated  by  the  Hg-rich  self-diffusion 
data  and  are  given  by  use  of,^ 

hi3  =  lxl0i^^cm^,  (23) 


9v 

9x 


along  with  the  equations  for  the  Hg  interstitial  concen¬ 
trations,  where  the  Hg  pressure  in  Eq.  (23)  is  specified 
in  atmospheres  and  the  diffusivity  is  in  cmVs. 

Frenkel  Interaction  Rates 


The  exchange  rate  of  lattice  Hg  with  ambient  Hg 
characterized  by  Hg  self-diffusion  studies  requires 
large  generation  and  recombination  constants  for  the 
quasi-chemical  reaction  described  by  Eq.  (16).®  If 
these  reaction  rates  are  too  small,  the  radiotracer 
incorporated  during  a  Hg  self-diffusion  measurement 
will  be  significantly  underestimated.  In  addition,  the 
effective  interstitial  lifetime  will  be  long,  resulting  in 
deeper  incorporation  of  the  radiotracer  species  into 
the  lattice  than  is  depicted  from  Hg  self-diffusion 
investigations.®  An  example  is  shown  in  Fig.  2,  for  a 
Hg-rich  self-diffusion  anneal  at  300°C  for  16  h  as¬ 
suming  various  values  of  the  Frenkel  interaction  rate 
constants.  The  SUMerCad  default  values  yield  the 
familiar  error-function  encountered  for  anneals  of 
this  duration.  For  smaller  g  and  k^,  the  radiotracer 
surface  concentration  is  below  its  equilibrium  value, 
and  the  profile  penetrates  deeper  into  the  material. 
For  the  smallest  g  and  k.^,  the  profile  is  clearly 
logarithmic.  In  fact,  for  any  interaction  rate  values, 
the  distribution  will  be  logarithmic  for  short  times, 
until  the  surface  concentration  reaches  its  equilib¬ 
rium  value.  At  such  time,  the  distribution  will  start  to 
go  like  an  error-function.  Transient  effect  studies 
should  give  the  actual  interaction  rates  as  a  function 
of  temperature.  In  the  absence  of  transient  self-diffu¬ 
sion  information,  the  g  and  k^^  have  been  set  to  be 
large  enough  to  give  error-function  solutions  for  the 
time  durations  typically  used  in  the  literature.®-^^’^'^-^^ 
The  Frenkel  interaction  rates  are  given  by. 


g  =  (lx  10'^®cm-2s~i)exp 


-2.30eV 

kT 


=  (3.12x  10"®cm3s-^)exp 


-0.225eV 

kT 


I  surface 


(21) 


Diffusion  Coefficients 

A  key  result  of  our  modeling  has  been  the  quantifi- 
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cation  of  vacancy  and  interstitial  contributions  to 
diffusivity  in  general.  These  have  been  determined 
for  overall  consistency  with  type-conversion  and  Hg 
self-diffusion  data  reported  in  the  literature  and  the 
relationships  are  discussed  in  detail  in  Part  II.^^  Since 
the  Hg-rich  self-diffusion  process  occurs  by  an  inter¬ 
stitial  mechanism  helow  430°C,  and  the  interstitial 
concentrations  may  be  determined  by  Eq.  (15),  the 
interstitial  diffusivity  is  determined  to  be, 


Dj  =  (2.35  X  10-®cm2s-i)exp 


-0.15eV 

kT 


(26) 


Note  that  the  results  of  the  simulations  are  very 
sensitive  to  the  Dj  i  product.  This  quantity  is  well 
established  here,  whereas  the  specific  values  of  Dj  and 
i  may  be  further  refined.  The  vacancy  diffusion  coef¬ 
ficient  has  been  determined  by  fitting  the  data  of 
Jones  et  al.  on  the  type-conversion  junction  depth 
temperature  dependence,  with  an  interstitial  contri¬ 
bution  given  by  Hg-rich  self-diffusion  studies.^  ®  The 
vacancy  diffusivity  is  calculated  by. 


Dv=(l-2  X  10^cm2s“^)exp 


-l.SleV 

kT 


(27) 


CURRENT  SIMULATOR 

The  SUMerCad  program  is  self-supporting  and 
features  a  user  friendly,  menu-driven  interface  for 
both  input  and  output  operations,  allowing  the  user 
the  flexibility  to  study  the  end  result  of  a  multi-step 
anneal/diffusion  process,  or  gain  further  insight  by 
performing  a  step-by-step  analysis.  It  is  currently 
implemented  on  Macintosh  computers  and  will  run 
effectively  on  68030  based  machines  (68040  systems 
provide  5X  speed  improvements).  The  output  of  a 
given  simulated  sequence  may  be  easily  applied  as 
the  input  for  the  next  process  step.  All  solution  pro¬ 
files  are  displayed  graphically  for  easy  interpretation 
and  stored  in  a  standard  format  for  porting  to  data 
analysis  programs.  The  implementation  of  com¬ 
putationally  efficient,  process-specific  algorithms  in 
the  modules  allows  for  the  realization  of  a  fast  desk¬ 
top  application  for  added  convenience  and  portability. 
Built-in  parameters  values  are  used  when  available 
and  may  be  user  specified  in  an  ‘‘expert”  mode. 

To  perform  a  simulation,  the  user  must  first  specify 
the  starting  material  by  providing  essential  informa¬ 
tion  about  the  sample  history  in  the  form  of  the 
temperature  of  pre-equilibration  along  with  the  va¬ 
por  or  material  on  either  surface,  user  specified  pro¬ 
files  for  the  species,  or  the  output  file  of  a  previous 
simulation,  and  the  thickness  of  the  material.  The 
process  to  be  simulated  must  be  specified  by  the 
temperature,  time,  and  specific  information  neces¬ 
sary  to  determine  the  appropriate  boundary  condi¬ 
tions.  For  example,  in  an  ambient  anneal,  the  user 
must  specify  the  Hg  partial  pressure  and  the  bound¬ 
ary  conditions  are  determined  by  Eq.  (23)  and  the 
relationships  which  provide  the  equilibrium  intersti¬ 


tial  concentrations  for  the  process  ambient  condi¬ 
tions. 

Given  the  parameters  presented  in  the  previous 
section,  we  can  simulate  a  wide  variety  of  ambient 
controlled  processes  in  order  to  validate  SUMerCad. 
Since  the  parameter  set  was  determined  by  fits  to  a 
specific  pool  of  experimental  results,  extension  be¬ 
yond  this  basis  will  either  contradict  or  lend  further 
support  to  the  models  and/or  parameters.  Vigorous 
tests  will  be  required  for  complete  validation  making 
certain  that  the  material  history  is  well  documented 
and  controlled.  However,  a  few  experimental  results 
are  available  in  the  literature  with  sufficient  informa¬ 
tion  to  specify  the  starting  material  and  process  with 
some  confidence.  For  example,  while  the  respective 
point-defect  diffusion  coefficients  were  determined 
from  type  conversion  experiments  on  material  with 
similar  initial  vacancy  concentrations  =  2  x  10^'^cm'^), 
our  models  simulate  junction  depths  accurately  over 
a  wide  range  of  Vi^.^(see  Fig.  3).^’^^  Deviations  at  high 
^init  expected  because  formation  of  Te  precipitates 
reduces  the  effective  vacancy  diffusivity.®  The  re¬ 
sulting  vacancy  junction  profiles  will  typically  be 
broad,  leading  to  n-on-p  junction  depths  which  may 
depend  significantly  on  the  n-type  donor  concentra- 

tion.23^24 

Low  temperature  junction  formation  processes  will 
result  in  more  abrupt  vacancy  profiles  and  are  thus 
expected  to  be  less  sensitive  to  the  donor  concentra¬ 
tion.  Consider  the  dependence  of  the  type-conversion 
junction  depth  on  the  donor  concentration  as  deter¬ 
mined  experimentally  by  Dutton  et  al.  and  shown  in 
Fig.  4.23  lines  are  the  results  of  SUMerCad  simu¬ 
lations  based  upon  the  process  information  provided 
in  their  report,  with  no  adjustments  made  to  the 


Depth  (pm) 

Fig.  2.  Simulated  Hg-rich  self-diffusion  profiles  at  300°C  for  16  h 
radiotracer  anneal  as  a  function  of  the  Frenkel  interaction  rate  magni¬ 
tude. 
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Fig.  3.  Simulation  of  chemical  diffusion  coefficient  (280°C)  vs  initial 
vacancy  concentration  for  x  =  0.2  material.  Experimental  points  are 
taken  from  Ref.  22. 


Anneal  Time  (Hours) 


Fig.  4.  Simulated  vs  experimental  type-conversion  junction  depth 
dependence  on  the  background  donor  concentration  at  200°C.  Experi¬ 
mental  points  are  taken  from  Ref.  23. 

SUMerCad  parameter  set.  While  not  exact,  the  simu¬ 
lation  results  are  reasonable  and  indicate  the  proper 
trend.  Better  agreement  may  be  obtained  by  using  a 
slightly  larger  Hg-rich  vacancy  concentration  at  200°C 
within  the  acceptable  uncertainty  range  of  Schaake’s 
results,  to  fit,  rather  than  simulate,  the  data.^  How¬ 
ever,  these  refinements  do  not  add  to  the  interpreta¬ 
tion. 

CURRENT  AND  FUTURE  DIRECTIONS 

There  are  a  wide  variety  of  processes  which  remain 
to  be  understood  and  modeled,  from  ion  implantation 
to  epitaxial  growth.  In  addition,  other  point  defects 
and  extended  defects  must  be  tracked  in  the 
Hgi_^Cd^Te  and  intimately  associated  systems  such 
as  insulators  and  substrates,  in  order  to  quantify 
primary  (currents)  and  secondary  electrical  proper¬ 
ties  (noise).2S“2^  In  this  section,  a  few  representative 
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Fig.  5.  Induced  electric  field  at  140°C  due  to  the  distribution  in  the 
doubly  ionized  vacancy  concentration  set  by  a  4  h  250°C  Hg-rich 
anneai  of  325°C  Te  equilibrated  Hg^gCdogTe. 

issues  will  be  discussed  which  are  of  immediate  con¬ 
cern  as  well  as  the  subject  of  future  development. 
These  topics  are  reviewed  briefly,  as  space  is  limited. 

Electric  Field  Effects 

Internal  electric  field  effects  are  many  times  ne¬ 
glected  in  process  modeling  and  design.  To  the  extent 
the  materials  are  extrinsic  at  processing  tempera¬ 
tures  and  the  ^‘diffusion”  species  are  charged,  deter¬ 
mines  whether  or  not  electric  field  effects  must  be 
included.  If  so,  the  effects  are  quantified  by  appropri¬ 
ate  field  terms  in  the  continuity  equations  and  the 
simultaneous  solution  of  Poisson’s  equation.^^  ^ 
example  of  the  induced  electric  field  in  x  =  0.2  mate¬ 
rial  at  140°C  is  shown  in  Fig.  5  for  the  doubly  ionized 
cation  vacancy  profile  also  shown  in  the  figure.  The 
intrinsic  carrier  concentration  is  about  4.4  x  10^®  cm"^ 
and  Np  is  assumed  to  be  much  less.  Such  electric  fields 
can  retard  or  enhance  ionized  defect  motion.  Algo¬ 
rithms  for  including  the  effect  are  currently  being 
developed.  Experimental  confirmation  and  better 
quantification  of  process  temperature  intrinsic  car¬ 
rier  concentrations  will  be  required  for  validation  of 
the  electric  field  contributions  specified  by  the  simu- 
lator.^’^2’^^’^^ 

Boundary  Conditions 

The  boundary  conditions  of  the  Hg^_^Cd^Te  system 
will  be  a  function  of  the  material  or  vapor  at  the 
surface.  As  such,  a  general  formalism  is  not  physically 
meaningful  without  specific  information  concerning 
the  point-defect  interactions  at  or  transfer  through 
the  boundary.  However,  a  general  description  of  the 
vapor  phase  boundary  conditions  may  be  formulated 
based  upon  an  examination  of  the  first  order  interfa¬ 
cial  interactions  shown  schematically  in  Fig.  6.  In  Fig. 
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Fig.  6.  Interactions  for  general  Hg^.^^Cd^Te  vapor  phase  boundary  condition  formulation. 


6,  the  subscripts  i  and  v  are  the  Hg  interstitial  and 
vacancy  concentrations  respectively,  J  is  the  point 
defect  flux,  S  is  the  sticking  probability,  kj^  is  the 
desorption  rate  constant,  o  is  the  surface  concentra¬ 
tion,  gg  and  k.^g  are  the  interfacial  Frenkel  interaction 
rates,  and  are  reaction  rate  constants  determin¬ 
ing  the  transmission  of  the  point  defects  from  the 
interfacial  layer  to  the  bulk.  Note  that  if  the  Hg  and 
Te  pressures  are  not  in  the  Hg^^^Cd^Te  existence 
region,  the  Hgj_^Cd^Te  will  not  be  stable.  If  the  Te 
partial  pressure  is  set  to  zero,  the  Hgj_^Cd^Te  will 
thermally  etch.  In  fact,  the  interactions  shown  in  Fig. 
6  could  be  used  to  model  growth  processes  such  as 
molecular  beam  epitaxy  or  possibly  metalorganic 
chemical  vapor  deposition  for  an  appropriately  speci¬ 
fied  vapor  phase. 

Alternative  Junction  Formation  Processes 

Type-conversion  by  Hg  ambient  anneals  has  been 
modeled  quite  effectively  using  the  simplified  vapor 
phase  boundary  conditions  presented  here.  In  fact, 
there  are  many  different,  technologically  significant, 
methods  by  which  to  form  n-on-p  junctions  by  type- 
conversion.  Ion  implantation,  ion  milling,  and  anodic 
oxidation  have  all  been  shown  to  produce  viable 
photodiodes.^^^'^  In  addition,  these  processes  may  be 
applied  to  intrinsicly  and/or  extrinsicly  doped  p-type 
material.  Redistribution  issues  of  extrinsic  impuri¬ 
ties  such  as  As  or  Au  must  be  studied  carefully  as  a 
function  of  the  junction  formation  process.  These 
processes  will  require  individual  analysis  and  model¬ 
ing  specific  to  the  respective  physics  dictating  the 
relevant  point  defect  interactions. 

Extended  Defects 

In  addition  to  the  effects  of  native  point  defects  on 
the  material  properties  of  Hgj_^Cd^Te,  the  formation 
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Fig.  7.  Schematic  diagram  of  extended  defect  formation  dependence 
upon  temperature,  demonstrating  a  low  temperature  kinetic  limited 
regime  and  a  high  temperature  thermodynamic  limited  regime. 

and  presence  of  extended  defects  can  dominate  both 
the  process  and  device  physics.  Because  such  defects 
are  easily  introduced  into  the  material  during  pro¬ 
cessing,  the  simulator  must  correctly  track  the  pro¬ 
cessing  history  of  the  material.  For  example,  after  a 
high  temperature  process,  as  the  material  is  cooled, 
the  values  for  the  equilibrium  concentrations  of  point 
defects  will  decrease,  leading  to  super  saturated  solu¬ 
tions,  and  the  possibility  of  the  nucleation  and  growth 
of  extended  defects.  At  sufficiently  low  temperatures, 
formation  of  the  extended  defects  is  limited  by  the 
atomic  kinetics  necessary  for  species  transport  to 
nucleate  and  grow  the  extended  defect.  At  high  tem¬ 
peratures,  solubility  limits  are  greater,  eliminating 
the  thermodynamic  formation  driving  force  altogether. 
The  “volcano  plot”  in  Fig.  7  demonstrates  the  limita¬ 
tions  on  the  formation  of  extended  defects,  where  the 
tendency  to  nucleate  and  grow  the  extended  defect 
will  be  a  maximum  at  an  intermediate  temperature 
where  both  a  super  saturated  solution  exists  and  the 
kinetics  of  point  defect  diffusion  are  fast  enough  for 
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nucleation  and  growth  to  occur.  A  quantitative  formu¬ 
lation  will  be  based  upon  the  kinetic  process  param¬ 
eters  and  the  corresponding  thermodynamic  limits. 

Interdiffusion 

The  incorporation  of  composition  dependent  effects 
is  a  natural  extension  of  our  modeling  approach, 
though  it  adds  significant  complications  resulting 
from  composition  dependent  thermodynamic  and  ki¬ 
netic  properties.  In  addition,  shorter  wavelength 
material  may  not  be  intrinsic  at  typical  process  tem¬ 
peratures  as  is  normally  the  case  for  x  =  0.2  material. 
This  difference  allows  for  internal  fields  which  con¬ 
tribute  through  a  drift  term  to  the  motion  of  all 
ionized  species.  The  modeling  approach  for  the  gen¬ 
eral  x-value  system  has  been  detailed  in  Part  II.^^ 

SUMMARY 

We  have  discussed  the  framework  by  which  a  com¬ 
prehensive  simulator  may  be  developed  for  Hg^  ^Cd^T e 
based  device  structures.  The  basic  Hg  interstitial  and 
vacancy  parameters  have  been  presented  and  justi¬ 
fied  for  X  =  0.2  material.  These  values  are  incorpo¬ 
rated  into  the  Stanford  University  mercury  cadmium 
telluride  process  simulator  (SUMerCad)  which  is  cur¬ 
rently  able  to  quantitatively  model  ambient  anneals 
as  a  function  of  ambient  pressures  and  temperature, 
capped  or  noninteractive  interfaces,  and  the  bulk 
HgogCdo2Te  point-defect  equilibration  profiles  for 
CdTe/Hg^  gCdo  2Te  high  temperature  processes,  as  well 
as  fabrication  sequences  composed  of  combinations  of 
these  processes.  In  this  report,  we  have  concentrated 
on  the  vapor  phase  processes  and  provided  validation 
examples  based  on  experimental  results  reported  in 
the  literature.  Additional,  well-defined,  validation 
experiments  will  be  necessary  to  ensure  simulator 
accuracy.  Finally,  some  issues  related  to  the  future 
development  of  SUMerCad  were  discussed,  including 
electric  field  effects,  general  boundary  conditions, 
alternative  junction  formation  processes,  extended 
defects,  and  interdiffusion.  There  are  innumerable 
other  topics  of  interest  including  epitaxial  growth, 
heterojunction  formation  and  stability,  Te  and  Cd 
point  defects,  and  impurities  which  will  need  to  be 
addressed  for  success  in  developing  a  robust 
Hgj  ^Cd^Te  simulator. 
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The  Hg^gCd^  2Te  type-conversion,  Hg  self-diffusion  and  interdiffusion  processes 
are  analyzed  in  the  context  of  a  first  order  reaction  kinetics  approach.  Sets  of 
nonlinear,  stiffly  coupled  continuity  equations  are  presented  which  describe  the 
underlying  physics,  and  their  solutions  model  the  observed  macroscopic  behav¬ 
ior.  It  is  demonstrated  that  the  Frenkel  pair  mechanism  interactions  dominated 
by  the  cation  sublattice,  in  conjunction  with  basic  diffusive  and  drift  properties 
of  the  ionized  point  defects,  comprise  the  basic  processes  which  effect  all 
macroscopic  phenomena  discussed.  Existing  experimental  results  are  reviewed 
and  apparent  discrepancies  discussed.  Use  is  made  of  the  Stanford  University 
mercury  cadmium  telluride  process  simulator  to  provide  quantitative  and 
insightful  examples  of  important  results. 

Key  words:  Diffusion,  HgCdTe,  modeling,  simulation 


INTRODUCTION 

Thorough  and  detailed  experimental  studies  of 
phenomena  such  as  self-diffusion  and  type-conversion, 
available  in  the  literature,  have  established  the  req¬ 
uisite  database  for  the  development  of  a  comprehen¬ 
sive  picture  of  the  basic  diffusion  mechanisms  in 
Hgi  ^Cd^Te.^-^^  Archer  et  al.,  Tang  et  al.,  and  Chen 
have  provided  the  results  of  numerous  self-diffusion 
studies. Jones  et  al.  supplied  key  Hg  anneal  t3rpe- 
conversion  junction  depth  information.'^  Vydyanath 
et  al.  and  Schaake  have  measured  the  ambient  equili¬ 
brated  vacancy  concentrations  as  a  function  of 
temperature  for  a  variety  of  Hg  partial  pressures.®’® 

Parameters  such  as  the  self-diffusion  or  inter¬ 
diffusion  coefficients  may  be  linked  to  the  underlying, 
fundamental  atomic  level  diffusion  mechanisms.  In 
this  paper,  the  interrelations  between  the  macro- 
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scopic  phenomena  and  the  fundamental  point-defect 
mechanisms  will  be  developed  leading  to  a  clear  and 
consistent  picture  of  the  underl3dng  mechanisms  in¬ 
volved  in  self-diffusion,  interdiffusion,  and  type-con- 
version  processes.  Existing  experimental  results  are 
reviewed  and  apparent  discrepancies  discussed.  Use 
is  made  of  the  Stanford  University  mercury  cadmium 
telluride  process  simulator  (SUMerCad)  to  provide 
quantitative  and  insightful  examples  of  important 
results.^^ 

REVIEW  OF  POINT-DEFECT  KINETICS 
MODELING 

The  applicability  of  a  first  order  reaction  kinetics 
formalism  in  describing  the  process  physics  of 
Hgi_^Cd^Te  has  previously  been  suggested.^^ 
same  formalism  has  been  applied  to  Si  and  GaAs 
technologies.^^^®  Since  our  initial  report,  the  avail¬ 
able  literature  has  been  analyzed  to  determine  the 
parameter  set  describing  the  basic  interactions  of  the 
Hg  interstitials  and  cation  vacancies  in  Hg^  gCd^ 

Since  a  detailed  development  of  the  approach  in  the 
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context  of  Hg^  ^Cd^Te  process  modeling  is  available  in 
the  literature,  only  a  brief  summary  is  given  here.^^'^® 
In  particular,  the  modeling  approach  we  have  im¬ 
plemented  utilizes  first  order  reaction  kinetics  to 
describe  the  motion  of  and  interactions  among  native 
point  defects  and  foreign  impurities  in  Hgj_jCd^Te.  A 
set  of  continuity  equations  are  established  with  gen¬ 
eration  and  recombination  terms  representing  the 
important  quasi-chemical  reactions  between  the  vari¬ 
ous  species. 

A  fundamental  example  of  the  coupled  diffusion 
modeling  approach  is  for  the  case  where  only  Hg 
interstitials  and  cation  vacancies  are  important.  For 
this  example,  only  the  Frenkel  defect  equation  is 
considered. 


Hgr+Vc:ti„„^Hgc,H„„.  (1) 

The  resulting  continuity  equations  are, 

di  ^  dH  .  ,  ^  t  di 


d^v  ,  .  o  o  e 


where  i  is  the  concentration  of  doubly  ionized  Hg 
interstitials,  v  is  the  doubly  ionized  cation  vacancy 
concentration,  is  the  electric  field,  g  is  the  genera- 
tion  rate,  k.^  is  the  recombination  rate  constant,  the 
Ds  are  the  respective  diffusion  coefficients  and  the  |lis 
are  the  point-defect  mobilities  which  are  assumed 
independent  of  the  spatial  coordinate  for  uniform  x- 
value  material  For  simplicity,  we  assume  the 
interstitials  are  doubly  ionized;  for  most  cases  this 
distinction  is  not  important.  For  x  =  0.2  material, 
electric  field  effects  are  usually  negligible  because 
HgogCd^gTe  is  intrinsic  at  most  process  tempera¬ 
tures.  In  cases  where  the  material  is  extrinsic,  Poisson’s 
equation  must  be  solved  for  the  electric  field. 


Hg  SELF-DIFFUSION 


A  first  order  reaction  kinetics  formalism  of  the  Hg 
self-diffusion  process  has  been  developed  based  upon 
Eq.  (1)  and  the  quasi-chemical  reaction, 


RTr  +  ^Cation  ^  > 


where  RT  represents  the  Hg  radiotracer.  The  re¬ 
combination  rate  constant  is  identical  to  k.^  for  Eq.  (1). 
However,  the  generation  rate  will  now  be  a  linear 
function  of  the  concentration  of  the  substitutional 
radiotracer  concentration.  The  set  of  continuity  equa¬ 
tions  which  describe  the  Hg  self-diffusion  process  are 
given  by, 


ai,  _  a^i^  c,  ,  . 
at  ^  ax2  ^  ' 


di^  _  d% 
9t  '  dx^ 


aCj 

at 


^  +  _Ld 
3x2  c„  ''  3x2 


■  +  ViV 


(7) 


C  '  3x2  c„  "  3x2 


(8) 


where  is  the  total  density  of  Hg  cation  sites,  and  the 
C.  are  the  respective  concentrations  of  Hg  on  Hg  sites 
wiiere  the  subscript  1  designates  the  nonradiotracer 
Hg  species  and  the  subscript  2  designates  the  Hg 
radiotracer  species.  Since  the  x-value  remains  invari¬ 
ant,  the  generation  rate  constant,  g,  in  Eqs.  (5)  and  (6) 
is  identical  to  that  defined  in  Eqs.  (2)  and  (3).  Hence, 
the  generation  rate  for  the  radiotracer  and  non¬ 
radiotracer  Hg  interstitials  is  simply  proportional  to 
the  fraction  of  their  respective  local  cation  popula¬ 
tions. 

Similarly,  the  recombination  term  is  proportional 
to  the  product  of  the  respective  interstitial  and  va¬ 
cancy  concentrations.  As  expected,  these  terms  show 
up  with  an  opposite  role  in  the  cation  Hg  continuity 
Eqs.  (7)  and  (8).  The  diffusion  terms  in  Eqs.  (7)  and  (8) 
arise  from  a  simple  flux  analysis  maintaining  conser¬ 
vation  of  lattice  sites.  The  vacancy  diffusion  coef¬ 
ficient,  within  our  first-order  framework,  is  defined 
by  Eqs.  (5)  and  (8)  without  specific  regard  to  the 
matrix.  Electric  field  effects  have  been  neglected 
since  x  =  0.2  material  is  intrinsic  under  most  Hg  self- 
diffusion  conditions.  The  kickout  mechanism  has  been 
excluded  since  it  is  a  two-step  process  and  is  not 
necessary  to  explain  the  available  data.  Comparisons 
of  Eqs.  (5)-(8)  with  Eqs.  (2)  and  (3)  reveal  that  the 
fundamental  point-defect  parameters  describe  the 
Hg  self-diffusion  behavior.  Indeed,  the  self-diffusion 
kinetics  are  set  by  the  intrinsic  interactions  and 
mobility  of  the  native  Hg  interstitials  and  cation 
vacancies,  underscoring  the  dependence  of  the  macro¬ 
scopic  experimental  observables  upon  the  fundamen¬ 
tal  point-defect  processes.  Since  these  equations  may 
be  somewhat  unfamiliar,  a  couple  of  anal3d:ic  analyses 
of  limiting  cases  are  in  order. 

As  a  first  example,  consider  the  case  where  there  is 
no  Hg  radiotracer  species.  Equations  (6)  and  (8)  both 
go  to  zero.  Equation  (5)  simplifies  to. 


3t  '  3x2 


(9) 


where  we  have  used  the  fact  that  v«C„.  Conservation 
of  lattice  sites  for  uniform  x-value  material  gives. 


C„  =  C,-HV 


(10) 


(6) 


Substitution  of  Eq.  (10)  into  Eq.  (7)  gives  the  result. 
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where  we  again  assume  v«C^.  Neglecting  electric 
field  effects,  Eqs.  (9)  and  (11)  are  identical  to  Eqs.  (2) 
and  (3),  respectively,  confirming  that  the  more  com¬ 
plicated  self-diffusion  equations  reduce  to  the  correct 
form  in  the  limiting  case. 

For  a  second  analysis  of  Eqs.  (5)-(8),  consider  the 
simplification  possible  when  vacancy  diffusion  is  neg¬ 
ligible  and  the  material  has  been  properly  pre-equili- 
brated  prior  to  a  Hg  self-diffusion  experiment.  Setting 
=  0  along  with  all  vacancy  derivatives,  Eqs.  (7)  and 
(8)  will  reduce  to, 


Cl  1  . 


(12) 


^  =  (13) 

Combination  of  Eqs.  (5)  and  (12)  as  well  as  Eqs.  (6) 
and  (13)  confirms  that  the  material  has  been  pre¬ 
equilibrated  giving, 

g  =  k.^iTV,  (14) 

where  i.j.  is  the  sum  total  of  the  radiotracer  and 
nonradiotracer  Hg  interstitial  concentrations.  Since 
we  know  that  i,p  =  i^  +  ig  and  +  Cg,  Eqs.  (6)  and 

(13)  completely  specify  the  system.  Solving  Eq.  (13) 
for  ig  and  substituting  into  Eq.  (6)  3delds, 


quired  to  obtain  the  full  spatial  and  temporal  defect 
distributions  as  a  function  of  the  ambient  tempera¬ 
ture  and  Hg  partial  pressure  for  arbitrary  starting 
material.  SUMerCad  utilizes  modem  numerical  meth¬ 
ods  to  solve  the  set  of  second  order  coupled  partial 
differential  equations  which  describe  the  Hg  self¬ 
diffusion  process.  In  addition,  analyses  of  the  experi¬ 
mental  database  available  in  the  literature,  has  al¬ 
lowed  for  the  determination  of  built-in,  unique  point- 
defect  parameters.^®  The  user  simply  specifies  the 
starting  material  as  an  output  from  a  previous  simu¬ 
lation,  arbitrarily  as  a  user  specified  point-defect 
distribution  file,  or  by  specification  of  the  conditions 
of  equilibration.  In  addition,  the  user  must  specify  the 
ambient  temperature,  Hg  pressure,  and  anneal  time 
of  the  Hg  self-diffusion  process.  This  information 


1  10  100  1000 


1  g  3C,  ^ 

k.^v  ’^k.^vC„  9t 


Depth  (pm) 

Fig.  1 .  Simulated  cation  vacancy  profile  compared  to  experimental  and 
simulated  Hg  self-diffusion  profile  at  352°C  for  11 .5  h.  Experimental 
data  is  taken  from  Ref.  1 . 


+  (15) 

k.^v  dx  dx  dt  dx  dt 

Grouping  terms,  substituting  Eq.  ( 14)  and  recognizing 
i^  «  gives, 

1  ^  dC,  ^D,i,9^C,  ^  D,  32 

k.yV  dt^  dt  9x2  3^2  3t 

Setting  the  higher  order  derivatives  to  zero,  produces 
the  final  result, 


dt  Cq  9x2  Hg  3x2 


(17) 


where  Dj^^is  the  Hg  self-diffusion  coefficient.  It  is 
clear  from  this  example,  that  the  Hg  self-diffusion 
coefficient  is  determined  by  the  underlying  point- 
defect  parameters.  The  solution  of  Eq.  (17)  for  a 
steady  state  surface  concentration  is  the  familiar 
complementary  error-function. 

While  in  some  cases  Eqs.  (5)-(8)  may  be  simplified 
so  that  steady-state  anal5rtic  approximations  can  be 
obtained,  in  general,  numerical  techniques  are  re- 


1000/T  (K'^ 


Fig.  2.  Simulated  type-conversion  junction  depths  vs  inverse  tem¬ 
perature  for  lO^^cm"^  and  10^®  cm^  starting  vacancy  concentrations 
compared  to  the  Hg  self-diffusion  junction  depth. 
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allows  the  simulator  to  specify  the  bulk  point-defect 
parameters,  determine  the  appropriate  boundary  con¬ 
ditions,  and  model  the  process  kinetics  for  the  speci¬ 
fied  interval. 

A  SUMerCad  simulation  of  Hg  self-diffusion  at 
352°C  for  11.5  h  into  x  =  0.2  material,  which  was  not 
pre-equihbrated  and  had  a  starting  vacancy  con¬ 
centration  of  2  X  10^'^  cm-®,  is  shown  in  Fig.  1,  along 
with  experimental  data  taken  from  Ref.  1.  The  model 
parameters  were  previously  fit  to  obtain  the  Hg  self¬ 
diffusion  coefficient  reported  in  Ref.  1  based  upon  the 
radiotracer  profile  shown  in  Fig.  1,  the  simulator 
provides  the  vacancy  distribution.  The  observation  of 
the  independence  of  Hg  self-diffusion  data  on  whether 
or  not  the  starting  material  was  pre-equilibrated  is  a 
direct  consequence  of  the  much  deeper  type  conver¬ 
sion  junctions  which  are  formed  on  the  depth  and  time 
scales  of  the  radiotracer  junction.  The  vacancy 
concentrations  in  the  radiotracer  region  are  forced 
near  their  Hg-rich  equilibrium  values  far  ahead  of  the 
corresponding  self-diffusion  front. 

A  series  of  SUMerCad  simulations  were  utihzed  to 
establish  the  type  conversion  junction  depth  tem¬ 
perature  dependence  under  Hg-rich  anneal  condi¬ 
tions  for  initial  vacancy  concentrations  of  10^’  cm"® 
and  10^®  cm-®.  It  is  assumed  that  the  material  is  free 
of  second  phase  Te  and  that  it  is  much  thicker  than 
the  simulated  junction  depth.  The  results  are  repre¬ 
sented  by  the  dashed  curves  shown  in  Fig.  2  where  the 
chemical  diffusivity  (square  of  junction  depth  over 
time)  has  been  plotted  vs  inverse  temperature.  The 
solid  line  represents  the  penetration  depth  of  the  high 
concentration  Hg  radiotracer  region.  It  is  clear  that 
for  the  range  of  vacancy  concentrations  encoimtered 
in  practice,  pre-equilibration  is  not  necessary. 

There  are  generally  two  distinct  branches  observed 
in  Hg  self-diffusion  studies  on  HgogCd^gTe.^-^-i^®^"®® 
While  there  has  been  debate  on  the  origin  of  these 
branches,  the  more  recent  literature  seems  to  support 
the  identification  of  the  slow  branch  as  being  due  to 
volume  self-diffusion,  which  we  describe  successfully 
with  Eqs.  (5)-(8),  and  the  fast  branch  as  resulting 
from  short  circuit  diffusion  paths  such  as  dislocations 
and/or  (sub)grain  boundaries.  In  most  cases  where 
the  fast  tail  has  been  clearly  resolved,  the  spatial 
dependence  appears  to  be  exponential  which  is  char¬ 
acteristic  of  high  diffusivity  paths.i'-*’^^  ®®  Since  fast 
diffusion  down  dislocations  and  (sub)grain  bound¬ 
aries  are  expected  to  manifest  themselves  similarly  in 
the  Hg  self-diffusion  analysis,  a  conclusive  distinc¬ 
tion  is  difficult,  though  Shaw  has  presented  evidence 
slightly  in  favor  of  (sub)grain  boundary  diffusion  as 
the  origin  of  the  fast  tail.®^’®^  Shaw  and  Palfrey  have 
both  analyzed  the  fast  tail  in  detail  and  concluded 
that  it  resulted  from  fast  diffusion  down  a  short 
circuit  path.®^  ®®  Shaw  determined  that  the  necessary 
dislocation  densities  ranged  from  1.7  x  10®  cm"®  to  4.5 
X  10®  cm-®.  While  this  lower  limit  appears  too  low 
based  on  experimental  etch  pit  counts,  all  of  the 
calculated  dislocation  densities  in  the  lower  range  are 
based  on  the  225°C  Hg  self-diffusion  data  reported  by 


Brown  and  Willoughby  in  1983 .®®  These  do  not  appear 
consistent  with  recent  results  from  Archer,  Palfrey, 
and  Willoughby  which  indicate  a  much  smaller 
diffusivity  of  the  slow  branch  at  low  temperatures.^®’®® 
In  addition,  the  appearance  of  a  third  component  in 
the  early  radiotracer  profiles  is  unusual.®®  It  is  likely 
that  even  the  longest  anneal  time  of  285  h  is  insuf¬ 
ficient  to  clearly  resolve  the  slow  branch.  If  these 
points  are  discarded,  the  adjusted  lower  limit  is 
9.5  X 10'*  cm-®.  A  dislocation  analysis  of  additional  Hg 
self-diffusion  data  not  considered  by  Shaw,  also 
gives  dislocation  densities  primarily  in  the  10®  cm-® 
range.^-® 

Tang  and  Stevenson  have  proposed  a  volume  mecha¬ 
nism  for  both  branches,  though  Shaw  has  identified 
significant  inconsistencies  in  their  model.'*  ®  ®!  ®®’®'*  Chen 
also  discounted  dislocations  as  an  explanation  for  the 
fast  component,  though  the  analysis  did  not  include 
the  contribution  of  out-diffusion  from  the  extended 
defects.!!  The  overall  consistency  in  modeling  a  vari¬ 
ety  of  experimental  data  based  on  the  treatment  of  the 
slow  component  hy  Eqs.  (5)-(8)  supports  the  theory 
that  the  slow  component  is  a  result  of  the  imderlying 
fundamental  point-defect  motion  and  interactions. 
However,  the  observed  Hg  pressure  dependence  ob¬ 
served  by  Tang  is  puzzling.*  Tang  observed  that  the 
diffusion  coefficient  associated  with  the  fast  tail  was 
proportional  to  the  Hg  pressure  at  high  pressures  and 
inversely  proportional  at  low  pressures.*  This  t3rp6  of 
behavior  is  consistent  with  a  first  order  quasi-chemi¬ 
cal  surface  reaction  by  which  vapor  phase  Hg  is 
incorporated  into  the  Hg^  gCdg  gTe  lattice  and  diffuses 
by  a  volume  self-diffusion  mechanism.®® 

However,  if  the  fast  tail  is  due  to  short  circuit 
diffusion,  it  is  reasonable  that  an  error-function  fit  to 
an  exponential  process  might  give  anomalous  results. 
Both  Tang  and  Chen  determined  that  the  slow  compo¬ 
nent  diffusion  coefficient  was  largely  independent  of 
the  Hg  pressure  which  is  not  expected  for  a  volume 
self-diffusion  process.*’**  It  was  on  the  basis  of  this 
lack  of  Hg  pressure  dependence  that  Tang  concluded 
that  the  fast  tail  was  due  to  volume  self-diffusion. 
Pressure  dependence  data  for  a  given  temperature  is 
not  available  from  any  of  the  groups  which  support 
the  short  circuit  path  interpretation  of  the  fast  compo¬ 
nent.*-®  ®’®®-®®  However,  Archer  et  al.  have  used  autora¬ 
diography  to  show  conclusively  that  indeed  Hg  does 
diffuse  rapidly  down  extended  defect  paths.* 

Based  on  the  time  period  in  which  the  various 
studies  were  done,  one  possible  explanation  for  the 
discrepancy  is  that  Tang  and  Chen  both  used  bulk 
grown  material  which  is  expected  to  have  a  high 
density  of  subgrain  boundaries,  while  the  most  recent 
studies  were  performed  on  higher  quality  epitaxial 
material.  A  comparison  of  the  radiotracer  profiles 
reported  by  the  various  authors  lends  some  qualita¬ 
tive  support  to  this  explanation.*  ®’*  **  Archer  et  al. 
clearly  resolve  four  orders  of  magnitude  of  the  slow 
component  in  their  metalorganic  vapor  phase  epitaxy 
studies.*  Their  liqmd  phase  epitaxy  studies  yield 
similar  results.®  This  clarity  is  absent  from  all  of  the 
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published  Hg  self-diffusion  data  of  Chen  and  Tang 
with  the  notable  exception  of  Fig.  25  in  Chen’s  the¬ 
sis.  For  example,  Tang  states  that  the  radiotracer 
profile  shown  in  Fig.  5.5  of  Ref.  4  is  “typical.”  In  fact, 
it  is  at  best  difficult  to  distinguish  between  two 
different  regimes  in  that  figure.  Nevertheless,  addi¬ 
tional  studies  and  Hg  pressure  dependence  measure¬ 
ments  on  epitaxial  material  will  be  necessary  to 
conclusively  resolve  these  discrepancies. 

TYPE-CONVERSION 

In  processing  Hg^  gCd^  gTe  material,  it  is  common  to 
employ  a  step  in  which  as-grown  material  is  annealed 
in  a  Hg-rich  ambient  to  reduce  the  deviation  from 
stoichiometry. If  the  anneal  is  not  performed  to 
completion,  the  resulting  material  is  typically  charac¬ 
terized  by  an  n-type  skin  on  a  vacancy  doped  p-type 
core  (provided  there  are  no  significant  extrinsic  ac¬ 
ceptors  present).  The  transition  from  the  n-type  to  p- 
type  region  is  marked  by  the  junction  depth,  ic.  The 
behavior  of  x^  has  been  studied  extensively  for 
HgQ  gCdp  2Te  as  a  function  of  the  initial  concentration 
of  excess  Te  in  the  material,  temperature,  time,  am¬ 
bient  Hg  pressure,  and  the  background  donor 
concentration.'^>®^^^-^^  Schaake  et  al.  developed  a  de¬ 
tailed  anal3d:ical  model  based  on  assumptions  of  local 
equilibrium  and  determined  that  at  270°C  the  type- 
conversion  process  occurs  by  a  mixed  interstitial 
vacancy  mechanism.^^  Our  modeling  results  agree 
with  this  conclusion.  In  fact,  it  can  be  shown  that  Eqs. 
(2)  and  (3)  reduce  to  Schaake’s  algebraic  expressions 
in  the  steady  state  limit. 

As  an  example,  consider  the  case  of  HgQ  gCdg2Te 
material  with  an  initially  large,  uniform  vacancy 
concentration,  v^.  A  Hg-rich  anneal  is  performed  for 
time  t  at  a  given  temperature  (typically  150-350°C)  to 
form  an  n-on-p  junction.  It  is  assumed  that  the  mate¬ 
rial  is  free  of  second  phase  Te  and  that  it  is  much 
thicker  than  the  simulated  junction  depth.  Consider 
the  assumption  that  the  vacancy  diffusion  component 
is  insignificant  in  the  type  conversion  process.  Elec¬ 
tric  field  effects  are  negligible  because  HgQ  gCd^  gTe  is 
always  intrinsic  at  type-conversion  temperatures  and 
Eqs.  (2)  and  (3)  reduce  to, 


8i 


ki>  +  g 


(18) 


—  =  -kj>  +  g.  (19) 

If  the  interaction  rate  constants  are  sufficiently  large 
so  that  the  approximation  of  local  equilibrium  is  valid 
throughout  the  material,  the  steady  state  approxima¬ 
tion  simplifies  Eqs.  (18)  and  (19)  giving. 


D,|i  =  0.  (20) 

This  expression  may  be  integrated  once  for  the  inter¬ 
stitial  flux. 


(21) 


which  is  a  constant.  Given  that  the  interaction  rate 
constants  are  large  and  that  vacancy  diffusion  has 
been  assumed  negligible,  the  vacancy  concentration 
will  rise  sharply  to  its  core  value  at  x^..  The  total 
number  of  vacancies  that  were  originally  in  the  region 
less  than  x  were  annihilated  by  a  flux  of  Hg  interstitials 
given  by  Eq.  (21)  over  the  anneal  period  3delding  the 
relationship, 

=  (22) 

In  the  steady  state  the  surface  interstitial  concen¬ 
tration  is  assumed  at  its  Hg-rich  equilibrium  value 
throughout  the  process  and  goes  to  zero  at  x^  where 
the  recombination  is  proceeding.  This  gives  the  de¬ 
rivative. 


dx  Xj 


(23) 


where  i^^  is  the  Hg-rich  interstitial  solubility  limit. 
Upon  substituting  Eq.  (23)  into  Eq.  (22),  taking  the 
derivative  of  both  sides  with  respect  to  time,  separa¬ 
tion  of  variables,  and  integration,  the  resulting  ex¬ 
pression  may  be  solved  for  the  chemical  diffusivity. 


2D,i„ 
t  v„ 


(24) 


If  the  Hg-rich  self-diffusion  process  at  the  same  tem¬ 
perature  results  from  a  Hg  interstitial  mechanism, 
then  i^  in  Eq.  (17)  is  i^  and  substituting  into  Eq.  (24) 
gives, 


1.6  1.8  2.0  2.2  2.4 
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Fig.  3.  Type  conversion  junction  depth  temperature  dependence 
predicted  by  Hg  self-diffusion  data  assuming  no  vacancy  diffusion  and 
initially  2  x  10’^  cm-^  vacancies  compared  to  simulated  (SUMerCad) 
and  measured  (Ref.  7)  values. 
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Fig.  4.  A  SUMerCad  simulation  of  the  Hg-rich  self-diffusion  coefficient 
as  a  function  of  temperature. 


The  preceding  expression  is  plotted  as  the  solid  line  in 
Fig.  3  as  a  function  of  the  Hg-rich  self-diffusion 
expression  determined  by  Archer  et  al.  and  taking 
=  2  X  10^'^  cm-^i  It  is  seen  that  Eq.  (25)  significantly 
overestimates  the  experimental  data  of  Jones  et  aL, 
getting  worse  at  the  higher  temperatures. 

In  type-conversion,  a  vacancy  diffusion  component 
results  in  shallower  electrical  junctions.^^  The  dashed 
line  in  Fig.  3  represents  SUMerCad  simulations  for 
similar  material  (Nj^  =  3  x  10^^  cm"^)  where  the  vacancy 
diffusion  coefficient  is  given  by  =  (1.2  x  10^  cmVs) 
exp(-1.51  eV/kT)  and  x.  is  determined  by  solving  Eqs. 
(2)  and  (3).  It  is  clear  that  the  error  in  using  Eq.  (25) 
is  a  direct  consequence  of  neglecting  vacancy  diffu¬ 
sion  in  type-conversion.  When  this  vacancy  diffusion 
coefficient  is  plugged  back  into  the  Hg-rich  self-dif¬ 
fusion  formalism  [Eqs.  (5)-  (8)],  it  is  clear  that  va¬ 
cancy  diffusion  remains  negligible  up  to  430°C  (see 
Fig.  4).  While  vacancies  do  diffuse,  they  are  typically 
not  important  in  Hg-rich  self-diffusion  because  their 
concentrations  are  depressed.  In  addition,  if  Hg-rich 
self-diffusion  below  430°C  were  dominated  by  a  va¬ 
cancy  mechanism,  x  could  not  be  fit  with  a  consistent 
Dj  ijj  product.  The  Hg-rich  self-diffusion  coefficients 
predicted  by  SUMerCad  are  shown  in  Fig.  4  at  el¬ 
evated  temperatures.  These  results  agree  well  with 
the  experimental  data  shown  in  Fig.  6  of  Ref.  2. 

DISCUSSION 

The  Hgp  gCdo  JTe  t3q)e-conversion  and  Hg  self-diffu¬ 
sion  processes  have  been  analyzed  in  detail  in  the 
context  of  a  first  order  reaction  kinetics  approach. 
Sets  of  nonlinear,  stiffly  coupled  continuity  equations 
have  been  presented  to  describe  the  multiparticle,  or 
point  defect,  interactions  and  motion.  The  discussion 


has  been  centered  about  the  Hg  point  defects  since 
they  tend  to  be  more  abundant.^®  In  fact,  the  interdif¬ 
fusion  process  can  be  modeled  based  upon  a  Frenkel 
pair  mechanism  interaction  also  dominated  by  the 
cation  sublattice  (including  Cd). 

Indeed,  interdiffusion  is  perhaps  the  most  inter¬ 
esting,  if  not  the  most  complex,  phenomenon  to  be 
modeled  in  a  general  Hg^_^Cd^Te  simulator,  because  it 
is  essentially  a  system  comprised  of  a  continuous  set 
of  semiconductors  characterized  by  their  Cd  fraction 
X.  Nevertheless,  it  is  still  quite  easy  to  set  up  the 
appropriate  continuity  equations. 


T) 

3t  dx  _  9x 


(°’;°-v)-k,i„v-2j-[i„n„4l  (26) 


%  =  +6o;^-Vo''-2^|ic)>oy  (27) 


at  ax  “'ax  I  “‘'C, 
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— v(kHiH  +  kcic)  +  2— (28) 

ac  vD,  a^c  CD,  a^v  ^ 
at  c.r  ax^  c.p  ax^ 
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where  the  subscripts  H  and  C  denote  Hg  and  Cd 
respectively,  g.  and  k^  are  the  Frenkel  pair  interaction 
rates,  and  Crp  is  the  total  density  of  cation  sites.  These 
should  be  compared  to  the  Hg  self-diffusion  Eqs.  (5)- 
(8)  for  additional  insight.  There  are  several  simplifi¬ 
cations  of  Eqs.  (26)-(29)  which  have  been  done  to 
check  their  accuracy  in  various  limits,  however  they 
are  too  involved  to  go  into  here  and  so  are  left  as  an 
exercise  for  the  curious  reader.  While  these  equations 
are  unquestionably  complex,  numerical  solutions  are 
possible  provided  all  of  the  coefficients  are  known  as 
a  function  of  x-value.  Indeed,  the  wealth  of  charac¬ 
terization  of  X  =  0.2  material  must  be  repeated  for  a 
representative  selection  of  x-values  in  the  range  x  =  0 
to  X  =  1.0.  While  some  information  for  x  ^  0.2  does 
exist,  it  is  not  sufficient  to  completely  specify  the 
model  parameters.  In  addition,  the  intrinsic 
carrier  concentration  must  be  better  characterized  at 
process  temperatures,  since  this  quantity  sets  the 
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transition  from  intrinsic  to  extrinsic  effects  or  diffu¬ 
sion  vs  drift  contributions.^^’^^’^^ 

Additional  investigations  on  higher  x-value  mate¬ 
rial  will  be  necessary  to  determine  the  model  param¬ 
eters  over  the  compositional  range.  In  the  absence  of 
this  data,  the  interdiffusion  and  heterostructure  prob¬ 
lems  cannot  be  modeled  quantitatively  with  our  ap¬ 
proach.  In  addition,  it  will  be  necessary  to  develop  a 
similar  formalism  which  includes  the  Te  sublattice. 
While  Te  interstitials  and  vacancies  are  not  expected 
to  be  present  in  significant  concentrations,  their  ex¬ 
istence  is  critical  in  explaining  the  incorporation  and 
diffusion  of  anion  impurities  such  as  I  and  As. 

Finally,  it  should  be  noted  that  the  beauty  of  the 
kinetics  formalism  utilized  in  this  paper,  is  that  it 
lends  itself  well  to  extension,  rather  than  extrapo¬ 
lation,  beyond  the  existing  experimental  domain. 
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Studies  on  the  diffusion  of  iodine  and  zinc  into  CdTe  are  reported.  Each  iodine 
profile  was  divided  up  into  four  distinct  regions  and  described  mathematically 
by  a  function  consisting  of  the  sum  of  four  complementary  error  functions.  When 
plotted  on  an  Arrhenius  graph,  the  diffusivities  gave  four  straight  line  relation¬ 
ships  with  similar  slopes  and  the  Arrhenius  parameters  for  the  fastest  compo¬ 
nent  of  Dq^  =  (7  ±3)  •  10-1^  cm2  g-i  and  E^  =  (0.21  ±0.05)  eV.  When  extrapolated  down 
to  20°C  this  gave  a  diffusivity  of  10~^^  cm^  s"^,  indicating  that  when  iodine  is 
diffused  from  the  vapor  it  is  not  suitable  as  a  long  term  stable  dopant  in  devices 
where  sharp  impurity  profiles  are  required.  In  the  case  of  the  zinc  diffusions, 
each  profile  can  be  divided  into  two  parts  and  was  fitted  satisfactorily  by  the  sum 
of  two  complementary  error  functions  giving  two  values  of  the  diffusivities:  D^^^^ 
due  to  zinc  diffusion  into  the  slice  from  the  vapor  and  D^^^^  due  to  interdiffusion 
between  a  surface  layer  of  Zn  Cd^_^Te  formed  on  the  slice  and  the  remaining 
CdTe. 

Key  words:  CdTe,  defects,  diffusion,  HgCdTe,  iodine,  zinc 


INTRODUCTION 

The  II-VT  semiconductor  CdTe  has  a  wide  variety  of 
applications  including  y-ray  detectors,  solar  cells,  and 
electro-optical  modulators,  but  the  most  common  use 
is  as  a  substrate,  a  barrier  layer  or  a  capping  layer  in 
the  production  of  Hg^Cdj_^Te  (MCT)  infrared  detec¬ 
tors.  Normally  bulk  grown  substrates  of  CdTe  contain 
defects  such  as  twins,  sub-grain  boundaries  and  tellu¬ 
rium  precipitates  which  can  propagate  up  into  the 
growing  MCT  epitaxial  layer  and  be  deleterious  to 
any  devices  subsequently  formed.  In  addition,  there  is 
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poor  lattice  matching  between  the  two  layers  and 
because  of  this  alternative  fabrication  routes  have 
been  investigated.  One  of  the  most  successful  is  the 
use  of  Zn^Cd^_^Te  (ZCT)  crystals  as  substrates  on 
which  to  grow  the  MCT  devices  directly.  This  material 
possesses  similar  crystal  imperfections  to  CdTe,  but 
when  X  =  0.04,  the  ZCT  substrate  and  the  epilayer  of 
Hg^Cdj_j^Te,  with  x  =  0.8,  are  lattice  matched  and 
hence  far  fewer  defects  propagate  from  the  interface 
into  the  epilayer.  Further,  the  addition  of  zinc  to  CdTe 
to  form  ZCT  strengthens  the  material,  hence  making 
the  substrate  more  robust. 

The  ability  to  prepare  doped  p-n  epitaxial  struc¬ 
tures  is  another  essential  requirement  if  some  of  the 
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of  zinc  in  CdTe. 


Fig.  1 .  Graphs  showing  the  different  types  of  profiles  for  the  diffusion 

new  developments  in  these  devices  are  to  be  realized 
in  practice.  The  location  of  the  doped  region  must  be 
well  defined  within  the  structure  and  the  concentra¬ 
tion  of  the  active  impurities  has  to  be  controlled 
accurately.  Currently,  indium  is  the  most  widely  used 
n-type  dopant  in  CdTe  and  MCT,  but  it  is  a  fairly  fast 
diffusant.i  Because  of  this,  attention  has  been  drawn 
to  the  halogens  which  are  expected  to  reside  on  anion 
sites.  As  iodine  is  the  largest  of  the  halogens,  it  is 
expected  to  be  least  susceptible  to  diffusion  and  fur¬ 
ther  it  is  the  least  reactive  of  the  halogens. 

In  the  manufacture  of  devices  from  CdTe  and  MCT, 
it  is  important  that  the  rates  of  diffusion  of  both  zinc 
and  iodine  in  CdTe  are  known.  Prior  to  this  program 
of  work,  very  little  was  known  about  these  elements. 
Gorodetskii  et  al.^  measured  the  rates  of  diffusion  of 
iodine  and  indium  in  CdTe  by  investigating  the 
changes  in  electrical  conductivity  of  the  slices  which 
had  been  doped  by  ion  bombardment  and  calculated 
the  diffusion  parameters  for  iodine  at  a  temperature 
of 200°C,  to  give  the  following  Arrhenius  relationship: 

D  =  10-8  X  exp[-  (0.4±0.1  eV)/kT]  cm^  s-^. 

The  rates  of  diffusion  of  zinc  into  CdTe  have  been 
measured  by  Aslam  et  al.^  using  radiotracer  tech¬ 
niques  and  a  scanning  electron  microscope  with  EDAX 
attachment. 

EXPERIMENTAL  TECHNIQUES 

CdTe  slices,  of  approximate  size  8x8  mm  and 
thickness  0.8  mm,  grown  by  accelerated  crucible  rota¬ 
tion  technique  (ACRT)  were  used  in  this  investigation 
along  with  epitaxial  layers  of  thickness  10-15  pm 
grown  on  CdTe  substrates  by  liquid  phase  epitaxy. 
The  surfaces  of  the  slices  used  for  the  diffusions  were 
prepared  by  mechanical  polishing  with  successively 
finer  grades  of  diamond  paste  (6,  1,  1/4  pm)  and  in 
some  cases  followed  by  a  chemical  polish  with  1% 
bromine  in  methanol  for  10  min.  This  procedure 
removed  the  damaged  surface  layer  caused  by  sawing 
the  slices  from  the  boule.  A  total  thickness  of  approxi¬ 
mately  200  pm  was  removed  from  the  surface,  ap¬ 
proximately  an  equal  thickness  by  each  process 

In  the  measurements  reported  here,  each  CdTe 
slice  was  sealed  in  an  evacuated  silica  ampoule  with 
sufficient  radioactive  tracer  to  give  saturated  vapor 
pressure  conditions  throughout  each  diffusion  anneal 
which  was  carried  out  in  an  electric  furnace  under 
isothermal  conditions.  In  the  case  of  the  iodine  diffu¬ 
sions,  Cdl2  containing  the  radioactive  isotope  ^^^I,  a 


fission  product  with  a  half  life  of  60  days,  was  used  as 
a  diffusion  source.^  Whereas  with  the  zinc  diffusions, 
pure  zinc  which  contained  ^^Zn  with  a  half  life  of  245 
days,  was  used 

The  sectioning  techniques  used  to  measure  the 
tracer  concentration  profiles  have  been  described  in 
the  literature.® 

DIFFUSION  OF  ZINC  IN  CdTe 

The  measurements  described  here  are  an  extension 
of  the  results  already  reported®  on  how  the  diffusivity 
D  varied  with  the  duration  of  the  anneal  t  and  with 
the  mass  of  zinc  m  placed  in  the  capsule  at  800°C.  The 
variations  in  t  and  m  were  1<  t  <  140  h  and  1  <  m  <  43.3 
mg,  respectively.  The  high  values  of  m  were  more 
than  sufficient  to  give  a  saturated  vapor  pressure  of 
zinc  metal  in  the  capsule  throughout  the  diffusion 
anneal. 

It  was  reported  in  the  previous  paper®  that  the 
concentration  profiles  possessed  two  distinct  com¬ 
ponents  and  were  fitted  using  computer  software 
comprising  of  either  the  sum  of  two  Gaussian  func¬ 
tions  or  two  complementary  error  (erfc)  functions. 
The  former  function  gave  the  best  fit  when  m  was  not 
sufficient  to  maintain  a  saturated  vapor  pressure 
over  the  slice  throughout  the  diffusion  whereas  the 
latter  function  was  used  when  saturated  vapor  pres¬ 
sure  conditions  were  maintained.  In  certain  instances 
where  the  value  of  m  was  low  (<  2  mg)  a  single 
Gaussian  function  gave  the  best  fit  to  the  experimen¬ 
tal  data.  Typical  diffusion  profiles  are  shown  in  Fig.  1. 

Measurements  on  the  variation  of  D  with  t  when  m  = 
8  mg  and  T  =  800°C  indicated  that  for  t  <  6  h,  D 
decreased  rapidly  with  increasing  t  due  to  the  forma¬ 
tion  of  the  ternary  compound  Zn^Cd^  ^Te  with  x  =  0.8 
on  the  surface  of  the  CdTe  slice.  The  thickness  of  the 
layer  was  dependent  on  m.  When  t  >  6  h,  D  was 
independent  of  t.  For  t  >  6  h,  the  variation  of  D  with 
m  can  be  divided  into  two  distinct  parts: 

a.  For  m  <  2  mg,  the  thickness  of  the  ternary  layer 
is  so  thin  that  it  does  not  effect  the  diffusion  in 
any  way,  or  possibly  no  layer  is  formed  at  all. 
Diffusion  is  due  to  zinc  atoms  diffusing  from  the 
vapor  phase  directly  into  the  CdTe  giving  a  one 
component  profile  possessing  a  Gaussian  shape 
indicating  that  limited  source’  conditions  apply. 

b.  For  2  mg  <  m  <  20  mg,  two  component  profiles  are 
obtained  which  are  fitted  best  by  the  sum  of  two 
Gaussian  functions  whereas  for  m  >  20  mg,  again 
two  component  profiles  are  seen  but  a  function 
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composed  of  the  sum  of  two  erfc  expressions  gives 
the  best  fit. 

In  the  former  instance,  both  parts  of  the  profiles  are 
‘source  limited’  whereas  in  the  second  case  source 
depletion  in  the  capsule  is  negligible.  In  this  case,  it  is 
suggested  that  diffusion  is  occurring  via  two  different 
mechanisms:  one  from  the  vapor  phase  as 

proposed  in  (a)  which  is  dependent  on  m  for  m  <  20  mg, 
and  a  faster  interdiffusion  between  the  ZCT  surface 
layer  and  the  CdTe  slice  which  is  completely 
independent  of  m. 

For  the  work  reported  here,  further  diffusion  mea¬ 
surements  were  carried  out  in  the  temperature  range 
390-950°C.  The  values  of  m  and  t  in  these  diffusions 
were  arranged  so  that  D  was  independent  of  these 
quantities  and  consequently  only  dependent  on  T.  For 
the  measurements  carried  out  in  the  temperature 
range  550-950°C,  two  component  profiles,  which  were 
fitted  best  by  a  function  consisting  of  the  sum  of  two 
erfc  expressions,  were  obtained  similar  to  the  one 
shown  in  Fig.  Ic.  The  corresponding  Arrhenius  graphs 
are  shown  in  Fig.  2.  Whereas  the  results  plotted  in 
Fig.  2  give  straight  line  fits,  the  results  obtained  from 
diffusions  carried  out  at  temperatures  below  550°C 
showed  an  unexpected  behavior. 

One  diffusion  carried  out  at  450'^C  resulted  in  a 
profile  which  was  again  fitted  best  by  the  sum  of  two 
erfc  expressions,  but  it  gave  values  of  D  which  were 
10^  higher  than  expected  =  2.0  x  10"^  cm^  s"^  and 
^siow  =  2.16  X  10“^®  cm^  s“^).  This  can  possibly  be 
explained  by  the  fact  that  the  temperature  of  the 
diffusion  was  very  close  to  the  melting  point  of  tellu¬ 
rium  which  is  452°C.  Tellurium  precipitates,  which 
are  common  in  this  material,  may  have  been  in  the 
liquid  phase,  and  could  therefore  have  influenced  the 
diffusion  by  acting  as  gettering  centers  and  in  addi¬ 
tion  they  may  have  been  associated  with  fast  diffusion 
paths.  The  fact  that  anomalous  results  were  found  at 
450°C  and  not  at  higher  temperatures  is  because  the 
tellurium  atoms  in  the  precipitates  would  have  dif¬ 
fused  out  into  the  lattice  at  the  higher  temperatures, 
giving  a  crystal  lattice  with  a  more  uniform  composi¬ 
tion.  This  would  have  resulted  in  an  increased  propor¬ 
tion  of  the  zinc  atoms  entering  the  slice  by  volume 
diffusion  processes  rather  than  along  short  circuit 
paths. 

A  second  diffusion  at  390°C  produced  a  profile  that 
was  fitted  best  by  a  single  erfc  expression  giving  a 
single  value  of  D  (2.6  x  10"^^  cm^  S"^)  which  was  again 
much  higher  than  the  value  predicted  from  Fig.  2. 
Similar  to  the  measurements  at  450°C,  this  high 
value  may  have  been  associated  with  gettering  pro¬ 
cesses  in  the  tellurium  precipitates  which  would  have 
been  solid  in  this  case.  If  this  profile  is  taken  along 
with  those  reported  earlier,®  it  implies  that  single 
component  profiles  are  obtained  for  diffusions  carried 
out  at  low  temperatures  (<  450°C)  and  in  the  diffu¬ 
sions  where  a  low  mass  of  zinc  was  used  as  the 
diffusion  source  (<  2  mg  at  800°C).  The  slices  used  in 
these  diffusions  did  not  display  any  surface  cracking 
similar  to  that  observed  in  slices  where  two  compo¬ 
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nent  profiles  were  obtained.  The  implication  is  that 
either  the  thickness  of  the  surface  layer  of  ZCT  was 
not  sxifficient  to  affect  the  diffusion  or  else  no  such 
layer  was  formed  and  that  the  diffusion  took  place  by 
zinc  atoms  diffusing  from  the  vapor  directly  into  the 
CdTe  slice. 

The  results  for  the  activation  energies  quoted  in 
Fig.  2  (0.75  eV  for  the  slow  component  and  1.21  eV  for 
the  fast  component)  are  much  smaller  than  those  for 
the  metal  self-diffusion  in  both  CdTe  and  ZnTe  (2.5 
and  2.7  eV,  respectively),  however,  the  result  for  the 
slow  component  is  in  good  agreement  with  the  activa¬ 
tion  energy  for  the  slow  component  found  by  Aslam  et 
al.®(0.69  eV).  The  relatively  low  values  of  the  activa¬ 
tion  energy  are  surprising  and  it  is  not  possible  to 
offer  an  explanation  for  this  at  this  stage. 

DIFFUSION  OF  IODINE  INTO  CdTe 

An  initial  study  on  the  diffusion  of  iodine  into  CdTe 
has  been  reported"^  in  which  four  diffusion  anneals 
were  carried  out  at  selected  temperatures  in  the 
range  20-270°C.  In  the  measurements  reported  here, 
diffusion  anneals  were  carried  out  in  the  temperature 
range  20-600°C  where  Cdl2  was  used  as  the  diffusion 
source.  The  concentration  profiles  were  measured 
using  radiotracer  sectioning. 

The  shape  of  each  of  the  profiles  can  be  divided  up 
into  four  distinct  regions  and  each  profile  can  be 
described  mathematically  by  a  function  consisting  of 
the  sum  of  four  erfc  expressions  giving  four  values  for 
the  diffusivity,  one  for  each  part  of  the  profile.  A 
t3?pical  profile  is  shown  in  Fig.  3  and  the  four  parts  to 
each  profile  can  be  clearly  distinguished,  the  slowest 
three  components,  D  1-1)3,  are  shown  under  high 
depth  resolution  in  (a),  whereas  the  whole  concentra¬ 
tion  profile  is  shown  in  (b). 

The  iodine  in  the  Cdig  in  the  initial  experiments 
possessed  a  low  specific  activity  (0.01  pCi/mg),  and 
consequently  the  four  parts  of  the  profile  were  not 
clearly  discernible  in  every  case.  When  the  source 
stren^h  of  the  iodine  was  increased  (0.2  pCi/mg),  it 
was  possible  to  use  a  sectioning  technique  with  an 


Fig.  2.  An  Arrhenius  graph  showing  the  diffusivities  for  the  two 
componets  for  the  diffusion  of  zinc  in  CdTe. 
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Fig.  3.  A  typical  concentration  profile  for  the  diffusion  of  iodine  in  CdTe. 


improved  depth  resolution  and  the  quality  of  the 
profiles  improved  considerably  and  the  four  parts  of 
the  profile  could  be  distinguished  clearly. 

The  four  v£ilues  of  the  diffusivities  to  and  the 
corresponding  values  of  the  surface  concentrations 
Cqi  to  obtained  from  the  profiles  are  plotted  on  an 
the  Arrhenius  graphs  in  Fig.  4  and  Fig.  5,  respec¬ 
tively.  The  diffusivities  were  best  described  by  an 
equation  of  the  form: 

D  =  Dp  exp  (  -  E/kT  ), 

resulting  in  the  following  Arrhenius  parameters: 

El  =  (0.21  ±  0.05)  eV,  Dpj  =  (7  ±  3)  •  10-“  cm^  s-i, 

E,  =  (0.29  ±  0.04)  eV,  Dpg  =  (2.1  ±  0  8)  •  lO-^^  cm^  s-i 
E,  =  (0  28  ±  0.03)  eV,  =  (38+  1.2)  •  10-“  cm^  s-i, 
El  =  (0.28  ±  0.05)  eV,  Dp^  =  (2.1  ±  1.6)  •  lOi^  cm^  s-^. 

It  can  be  seen  that  to  within  the  limits  of  experi¬ 
mental  error,  the  activation  energies  are  equal,  al- 


Fig.  4.  An  Arrhenius  graph  showing  the  diffusivities  D,-Di  for  the 
diffusion  of  iodine  in  CdTe. 


Fig.  5.  An  Arrhenius  graph  of  the  surface  concentratons  Cp -C^for  the 
diffusion  of  iondine  in  CdTe. 


though  El  is  slightly  lower  than  the  other  activation 
energies.  The  diffusivities  for  the  fastest  component 
have  been  plotted  on  an  Arrhenius  graph  in  Fig.  6 
along  with  the  Arrhenius  expression  reported  by 
Gorodetskii  et  al.^  It  can  be  seen  that  the  results  agree 
closely  at  200°C,  the  temperature  at  which  Gorodetskii 
et  al.^  made  their  measurements;  but  because  of  the 
difference  in  the  activation  energies,  there  is  a  sys¬ 
tematic  difference  between  the  two  sets  of  results.  It 
must  be  emphasised  that  Gorodetskii  et  al.^  only 
made  a  limited  number  of  measurements  at  200'’C, 
whereas  the  measurements  reported  here  cover  the 
temperature  range  20— 600°C.  In  addition,  it  can  be 
seen  that  the  low  activation  energy  for  the  fastest 
diffusing  component  Di  component  results  in  a  dififijsivity 
of  10-“  cm^  s-i  at  20°C,  indicating  that  when  iodine  is 
diffused  into  CdTe  from  a  vapor  of  the  compound  Cdl2, 
it  is  not  suitable  as  a  long  term  stable  dopant  in 
devices  where  sharp  impurity  profiles  are  required. 

From  the  values  for  Cp  plotted  on  an  Arrhenius 
graph  in  Fig.  5,  it  can  be  seen  that  all  four  components 
increase  with  decreasing  temperature  in  the  range 
600-230°C,  whereas  they  decrease  with  decreasing 
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temperature  in  the  range  230-20°C.  The  values  for 
the  slowest  diffusing  component  are  very  high,  the 
highest  values  occurring  where  there  is  the  change  in 
slope  in  the  graphs  (-10^^  cm"^).  This  could  possibly  be 
due  to  a  layer  of  a  ternary  compound  involving  iodine 
and  CdTe  possessing  a  high  iodine  concentration 
forming  on  the  surface  of  the  slice  during  the  diffu¬ 
sion.  It  was  certainly  not  a  thin  layer  of  Cdig  which 
was  deposited  on  the  surface  of  the  slice  during,  or  at 
the  end  of  the  diffusion  because  all  such  deposits  were 
removed  before  the  sectioning  commenced. 

The  fact  that  all  four  parts  of  the  diffusion  profile 
gave  similar  activation  energies  suggests  that  similar 
transport  mechanisms  are  operating.  A  possible  ex¬ 
planation  of  this  is  that  diffusion  is  dominated  by  the 
slowest  mechanism  (D^)  and  that  in  this  process  some 
iodine  atoms  are  being  trapped,  possibly  at  defect 
sites.  These  atoms  might  be  released  after  a  certain 
time  and  undergo  further  diffusion.  Trapping  near 
the  surface  due  to  physisorption  or  chemisorption  of 
the  atoms  could  account  for  the  high  iodine  concentra¬ 
tions  near  the  surface  of  the  slice.  This  is  supported  by 
pictures  obtained  of  an  iodine  diffused  slice^  taken  in 
the  ion  imaging  mode  of  the  secondary  ion  mass 
spectroscopy  instrument,  where  small  regions  of  high 
iodine  concentrations  were  clearly  distinguishable  in 
the  material  (less  than  10  pm  across  with  a  density  of 
about  10^  cm-2).  Similar  effects  have  also  been  re¬ 
ported  in  CdTe  slices  doped  with  chlorine  when  grown 
from  the  melt.®  The  occurrence  of  two  component 
profiles  in  II-VI  semiconductors  is  common,  and  Shaw® 
has  stated  that  the  fast  tail  is  due  to  ‘‘short  circuit” 
diffusion,  but  it  is  difficult  to  draw  an  analogy  with  the 
work  reported  here. 

The  variation  of  with  temperature  (see  Fig.  5) 
can  be  explained  in  terms  of  the  Cd-Cl-Te  ternary 
phase  diagram.  It  has  been  reported  that  the  CdTe/ 
CdCl2  pseudo  binary  phase  diagram  possesses  a  eu¬ 
tectic  at  505°C^®  which  indicates  that  complete  solid 
solubility  exists  only  over  limited  concentrations.  No 
information  has  been  reported  for  the  CdTe/Cdl2 
pseudo  binary  phase  diagram,  but  a  similar  behavior 
can  be  expected.  It  is  possible  that  the  kink  at  230°C 
in  the  four  graphs  in  Fig.  4  is  a  part  of  the  eutectic 
existing  in  the  CdTe/Cdl2  pseudo  binary  system  and 
is  a  part  of  an  eutectic  surface  in  the  Cd-I-Te  ternary 
system.  The  fact  that  the  four  lines  show  a  similar 
behavior  indicates  that  four  mechanisms  are  operating 
with  different  solubilities. 
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Fig.  6.  An  Arrhenius  graph  showing  a  comparison  of  the  diff  usivities 
with  the  results  of  Gorodetskii  et  al. 


A  recent  measurement  in  epitaxial  grown  iodine 
doped  MCT^^  layers  gave  a  diffusion  coefficient  of  10"^® 
cm^  s-^  at  430°C,  which  is  in  agreement  with  the 
results  reported  here. 
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Diffusion  in  Mercury  Cadmium  Telluride — An  Update 
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Department  of  Applied  Physics,  University  of  Hull,  Hull,  HU6  7RX,  UK 

The  various  diffusion  coefficients  (self-diffusivity,  chemical  self-diffusivity  com- 
positional  diffusivity,  impurity  diffusivity)  are  defined.  The  conditions  required 
for  the  observation  of  a  Kirkendall  effect  are  described.  There  is  good  agreement 
in  the  results  for  Hg  and  for  Cd  self-diffusion.  The  evidence  suggests  that  the  self- 
diffusivity  is  largely  independent  of  above  -300°C  but  shows  an  increase  as 
Hg  saturation  is  approached  (for  both  Hg  and  Cd).  Good  agreement  is  also  found 
in  the  Arrhenius  parameters  describing  the  movement  of  the  p  to  n  conversion 
boundary.  Modeling  of  this  diffusion  boundary  does,  however,  raise  problems 
which  are  discussed.  The  situation  in  compositional  interdiffusion  is  more 
complex:  above  -400°C,  reasonable  agreement  exists  between  various  workers 
for  large  but  not  for  small  values;  below  400°C,  substantial  disagreement  is 
evident.  In  impurity  diffusion  exhibits  both  erfc  and  non-erfc  profiles  for  reasons 
which  are  unclear.  Good  agreement  is  found  between  In  diffusivity  measure¬ 
ments  at  high  In  concentrations:  at  low  concentrations,  the  diffusivity  decreases 
dramatically.  As  diffusion  3rields  erfc  profiles  with  good  agreement  again  being 
found:  a  notable  feature  is  the  P^^  dependence  of  the  As  diffusivity.  Where 
appropriate,  diffusion  models  are  discussed. 

Key  words:  Diffusion,  diffusivity,  HgCdTe,  impurities,  interstitials, 
vacancies 


INTRODUCTION 

Atom  diffusion  is  an  important  part  of  the  science 
and  technology  of  mercury  cadmium  telluride  (MCT): 
it  is  directly  exploited  in  the  interdiffused  multilayer 
process,  in  p  to  n  type  conversion  and  in  dopant 
incorporation.  An  imderstanding  of  the  relevant  dif¬ 
fusion  processes  is  obviously  necessary  if  optimum 
results  are  to  be  achieved  by  diffusion  anneals.  Previ¬ 
ous  reviews  of  diffusion  in  MCT  have  been  made.^"^ 
This  paper  is  concerned  primarily  with  updating 
these  earlier  reviews.  The  existence  of  reliable  diffu¬ 
sivity  measurements  is  an  essential  prerequisite  for  a 
proper  interpretation  in  terms  of  atomic  events.  In 
this  context,  reliability  means  not  only  quantitative 
accuracy  but,  more  importantly,  that  the  measured 
diffusivity  is  in  fact  the  quantity  that  was  intended  to 
be  measured  (e.g.  distinguishing  volume  diffusion 
from  short-circuit  path  diffusion).  Diffusion  anneals 
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can  take  place  under  various  conditions  with  different 
types  of  diffusion  coefficient  reflecting  the  different 
situations,  and  it  is  important  to  first  define  and 
describe  these  diffusion  coefficients. 

TYPES  OF  DIFFUSION  COEFFICIENT 
INVOLVED  IN  MCT 

Two  distinct  diffusion  regimes  can  be  recognized: 

a)  diffusion  occurs  without  any  net  chemical  fluxes; 
i.e.  the  material  is  chemically  homogenous; 

b)  the  material  is  chemically  inhomogeneous  so 
that  diffusion  gives  rise  to  net  chemical  fluxes 
(we  assume  isothermal  and  single  phase  condi¬ 
tions). 

In  other  words,  regime  (a)  represents  diffusion  in 
conditions  of  chemical  equilibrium  and  gives  rise  to 
self-diffusion  coefficients  in  the  case  Hg,  Cd,  or  Te 
diffusion  and  to  isoconcentraton  diffusion  coefficients 
in  the  case  of  impurities.  Regime  (b)  describes  diffu¬ 
sion  in  conditions  of  chemical  disequilibrium  which 
arise  during  changes  in  nonstroichiometry  (chemical 
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self-diffusion),  changes  in  the  Hg/Cd  ratio  (composi¬ 
tional  interdiffusion  or  CID)  and  changes  in  impuirty 
doping  levels  (impurity  diffusion).  Ideally,  diffusion 
in  either  regime  occurs  in  single  crystal  material 
which  is  devoid  of  line  or  planar  defects  (i.e.  single 
dislocations  and  subgrain  boundaries).  So  far  in  MCT 
technology  such  defects  (generically  referred  to  as 
extended  point  defects  or  EPD)  always  occur  and  they 
provide  rapid  diffusion  routes  compared  to  volume 
diffusion  in  the  surrounding  lattice.  It  is  important  to 
understand  and  recognize  the  contribution  of  short- 
circuit  path  diffusion,  via  EPD,  to  a  concentration 
profile  obtained  in  a  diffusion  experiment. 

Self-Diffusion 

Because  self-diffusion,  by  definition,  does  not  in¬ 
volve  net  chemical  fluxes,  it  can  only  be  observed  by 
‘tagging’  the  Hg,  Cd,  or  Te  atoms.  This  can  be  done  by 
using  a  radiotracer  or  by  using  an  enriched  stable 
isotatope  of  the  diffusion  source.  Self-diffusion,  there¬ 
fore,  is  measured  by  diffusion  flow  in  an  isotopic 
gradient  so  that,  by  Pick’s  first  law  of  diffusion,  the 
flux  of  tagged  atoms,  J*,  in  one  dimension  is  given  by 

(1) 

dx 

where  C*  is  the  concentration  of  tagged  atoms  at 
position  X  and  D*  is  defined  as  the  self-diffusion 
coefficient.  It  is  commonly  assumed  that  D*  is  appli¬ 
cable  to  all  isotopes  of  the  particular  element  i.e.  the 
effects  of  isotopic  mass  differences  (~  1%)  are  taken  to 
be  negligible.  Experimental  formats  for  self-diffusion 
measurements  are  based  on  one-dimensional  diffu¬ 
sion  into  a  semi-infinite  sample  from  a  thin  surface 
film  diffusion  source  or  by  arranging  that  the  surface 
concentration,  C*  of  the  tagged  species  does  not 
change  with  time  (i.e.  an  external  phase  provides 
essentially  an  infinite  reservoir  of  tagged  atoms). 
Gaussian  and  erfc  concentraton  profiles  are  obtained 
for  the  thin  film  and  infinite  source  conditions  respec¬ 
tively.'^ 

It  is  generally  accepted  that  atomic  diffusion  basi¬ 
cally  takes  place  via  a  single  jump  of  an  atom  to  a 
nearest  neighbor  site  on  the  same  sublattice.  Such 
jumps  occur  by  either: 

•  direct  exchange  of  substitutional  atoms  occupy¬ 
ing  neighboring  sites,  or 

•  the  involvement  of  lattice  point  defects  (e.g.) 
vacancies,  self-interstitials,  di-vacancies. 

The  presence  of  point  defects  means  that  jumps  be¬ 
tween  interstitial  sites  as  well  as  between  sub¬ 
stitutional  sites  must  be  taken  into  account.  If  D" 
represents  a  nondefect  jump  mechanism,  it  will  be 
purely  a  function  of  temperature,  T,  and  composition 
(x^^).  On  the  other  hand,  for  a  defect  based  mecha¬ 
nism^ 

D-  =  4D,C,  (2) 

where  is  the  defect  diffusivity,  is  the  defect 
concentration  (site  fractions  referred  to  the  sublattice) 
and  4  is  the  correlation  factor  (4  =  0.78  or  1,  respec¬ 


tively,  for  a  single  vacancy  or  interstitial  mechanism). 
D*  now  not  only  depends  on  T  through  but  also  on 
which  in  turn  is  a  function  of  T  and  level  of 
nonstoichiometry  (controlled  by  the  ambient  Hg  pres¬ 
sure,  P„  ).  As  an  example,  consider  Hg  self-diffusion 
by  a  V^g  mechanism.  Defect  chemistry  shows  that 
[  ]  =  Kyp^Pjjg  where  is  a  temperature  depen¬ 

dent  reaction  constant  and  p  is  the  free  hole  concentra¬ 
tion.  Equation  (2)  now  becomes 

D^  =  (0.78KyS)D^„/p2PHg  (3) 

where  S  is  the  sublattice  site  concentration  and  D^„ 
is  the  V^g  diffusivity.  If  the  MCT  crystal  is  intrinsic 
then  p  =  Pi  (the  intrinsic  hole  concentration)  and  at  a 
constant  T,  D*  oc  p  However,  if  the  electroneutrality 
condition  (charge  balance)  is  p  =  2[V'g],  it  readily 
follows  that  D*  oc  Png^^  at  constant  T.  Details  for  other 
situations  can  be  found  in  Ref  4.  If  self-diffusion 
involves  more  than  one  mechanism  (e.g.  vacancy  and 
interstitial),  then  the  measured  D"  is  the  sum  of  the 
separate  component  self-diffusivities  and  a  single 
Gaussian  or  erfc  profile  is  still  observed. 

Isoconcentration  Diffusion 

In  an  isoconcentration  diffusion  experiment,  the 
mercury  cadmium  telluride  sample  would  first  be 
uniformly  doped  by  impurity  diffusion  after  which  a 
second,  but  substantially  shorter  duration,  anneal 
would  follow  under  conditions  identical  to  the  first 
anneal,  apart  from  a  tagged  impurity  diffusion  source 
replacing  the  original  impurity  source.  The  con¬ 
centration  profiles  of  the  tagged  impurity  are  erfc 
because  of  the  need  to  use  an  ‘infinite’  impurity 
source.  Investigations  proceed  by  observing  the  ef¬ 
fects  of  doping  level,  Pjj^  and  T. 

Chemical  Self-Diffusion 

Following  Guldi  et  al.  we  define  the  deviation  from 
stoichiometry.  A,  by 

A  =  M,„,-Te^,  (4) 

where  and  Te^^^  are  the  total  metal  (Hg  plus  Cd) 
and  total  Te  concentrations.  Note  that  in  chemical 
self-diffusion,  the  Hg/Cd  ratio  is  constant:  it  is  the 
^toA^tot  changing.  Assuming  that  the 

dominant  defects  are  single  self-interstitials  and  va¬ 
cancies  on  both  sublattices  then  it  is  straightforward 
to  show 

A  =  (M.+VJ-(Tei  +  V^)  (5) 

where  M;  and  TC;  are  the  total  metal  and  Te  in¬ 
terstitial  concentrations  (i.e.  all  charge  states), 
and  Vjj  are  the  total  metal  and  Te  vacancy  concentra¬ 
tions  (i.e.  all  charge  states).  Given  an  MCT  sample 
annealed  at  a  certain  to  give  a  uniform  value  of  A 

which  is  then  annealed  again  at  the  same  tempera¬ 
ture  but  different  Pjj^,  we  can  define  a  flux  in  A,  in 
one  dimension  by® 

(6) 

where  D.  is  the  chemical  self-diffusion  coefficient. 

A 
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Pick’s  second  law  of  diffusion,  therefore,  gives 
At  3x  t  ^  9x 


(7) 


Detailed  analyses,  which  assume  local  equilibrium 
between  defects,  for  specific  defect  models®’®  show 
to  be  a  function  of  A  which  is  why  must  be  regarded 

generally  as  A  dependent  and  so  must  remain  within 
the  differential  term  in  Eq.  (7).  also  depends  on  the 

individual  defect  diffusivities.®’®  SolvingEq.  (7)  is  only 
possible  if  is  either  constant,  in  which  case  an 
analytic  solution  can  be  obtained,  or  is  a  known 
function  of  A  and  the  appropriate  defect  diffusivities, 
when  numerical  integration  can  be  carried  out.  Ei¬ 
ther  route  first  requires  identification  of  the  defects  in 
Eq.  (5). 

More  importantly  perhaps  is  the  question  of  how  A 
can  be  measured,  as  A  <  10^^  cm-®.”^  If  the  defects  in  Eq. 
(5)  are  all  singly  ionized  then  from  charge  balance 


A  =  p-n  (8) 

alternatively  if  they  are  all  doubly  ionized  then 


A  =  (p-n)/2  (9) 

where  n  is  the  free  electron  concentration.  Provided 
either  of  these  ionization  conditions  is  met  then  A  can 
be  measured  via  measurement  of  (p-n).  Otherwise  (p- 
n)  can  still  be  measured  but  while  it  will  be  related  to 
A,  the  precise  connection  will  be  unclear. 

Given  that  is  a  function  of  A,  it  follows  from  Eq. 
(7)  that  A  is  a  function  solely  of  x/  ^ .  This  means  that 
in  a  chemical  self-diffusion  anneal,  the  depth  x  after 
time  t,  for  a  particular  value  of  A  ,  satisfies  x/Vt  = 
constant  i.e.  x^  oc  t.  In  particular  for  a  p-n  junction  at 
depth  X.,  A  =  0  and  x^  oc  t. 

It  is  a  natural  step  to  relate  with  the  self-dif- 
fusivities  but  two  factors  need  to  be  taken  into  ac¬ 
count: 

•  D*  could  be  dominated  by  the  defects  (VjjgV^^)  or 
(Hg.  Vjj )  which  would  make  no  contribution  to  D  ; 

•Da  relates  primarily  to  defect  diffusivities  Dy.  [Eq. 
(2)]  whereas  D*  is  related  to  a  high  does 
not  necessarily  give  a  high  (high  terms 

will  dominate  T>*). 


Compositional  Interdiffusion 

Consider  a  layer  of  HgTe  joined  to  a  layer  of  CdTe  in 
the  plane  defined  by  x  =  0  in  the  laboratory  frame  of 
reference.  HgTe  occupies  the  space  <  0  and  the  layers 
are  thick  enough  for  them  to  equate  to  semi-infinite 
solids,  i.e.  the  CID  region  is  located  around  x  -  0. 
Suppose  also  that  inert  markers  are  included  at  this 
interface,  i.e.  this  marker  plane  defines  the  initial 
interface.  At  the  annealing  temperature,  diffusional 
mixing  of  Hg  and  Cd  on  the  metal  sublattice  will  take 
place  with  net  fluxes  of  Hg  and  Cd  across  the  marker 
plane.  Suppose  further  that  Hg  diffuses  faster  than 
Cd  (which  therefore  requires  a  counter  vacancy  flow) 
so  that  the  marker  plane  moves  into  the  original  HgTe 
layer.  The  velocity  of  the  marker  plane  v  in  the 
laboratory  frame  is  given  by® 


where  I>„  and  are  the  diffusivities  at  the  marker 
plane.  Referred  also  to  the  laboratory  frame  the  inter¬ 
mixing  of  Hg  and  Cd  can  be  characterized  by  a  single 
diffusivity,  the  compositional  interdiffusivity  D ,  equal 
to® 

^  “  ^Hg^Cd  "*■  ^Cd^Hg 

Djjg  and  are  known  as  intrinsic  diffusion  coeffi¬ 
cients.  The  displacement  of  the  marker  plane  re¬ 
quires  Djjg  ^  and  is  known  as  the  Kirkendall  effect. 
Although  the  discussion  has  centered  on  the  marker 
plane  (initially  at  x  =  0),  Eq.  (10)  and  Eg.  (11)  are  valid 
for  any  marker  plane.  It  follows  that  D ,  and 
are  functions  of  i.e.  concentration  dependent. 
Tang  and  Stevenson^  also  showed  that  Eq.  (10)  and 
Eq.  (11)  remain  valid  when  the  analysis  takes  specific 
account  of  the  Te  sublattice. 

D  as  a  function  of  Xj.  can  be  determined  ex¬ 
perimentally  from  a  complete  CID  profile;^®  Djj^  and 
D(.^  can  only  be  obtained  from  combined  measure¬ 
ments  of  D  and  v,  i.e.  inert  markers  must  be  inserted 
throughout  the  CID  region.  The  observation  of  a 
Kirkendall  effect  in  H^e/CdTe  CID  has  been  re¬ 
ported.  Tungsten  wires^^  and  micro-pores^^  were 
used  as  the  inert  markers.  The  ‘inertness’  of  these 
markers  has,  however,  been  queried  and  the  conclu¬ 
sion  drawn  that  there  is  no  real  Kirkendall  effect  in 
MCT.®  A  consequence  of  this  conclusion,  from  Eq.  (10), 
is  that  Djj  =  D^.^  and  further  that®  Dj.  =  D^^  at  all  Xjj 

At  the  level  of  interest  concernecT  with  material/ 
structure  preparation  knowledge  of  D  and  its  depen¬ 
dence  on  Xjj  T  and  A  is  very  important.  Interest  in  the 
intrinsic  diffusivities,  Dj^^  and  D^.^,  is  primarily  theo¬ 
retical  through  their  relationships  to  D^^  and  D*  ^ 
(self-diffusivities).  These  relationships  are  complex,® 
and  it  is  a  moot  point,  given  the  present  experimental 
precision  and  accuracy  for  D ,  D*  ,  and  DJ,^,  whether 
useful  conclusions  can  be  arrived  at. 

Short-Circuit  Path  Diffusion 

Attention  has  already  been  drawn  to  the  need  to 
take  into  account  the  effect  of  EPD  on  the  penetration 
by  diffusion  of  a  diffusant  into  MCT.  In  essence,  EPD 
provide  a  parallel  diffusion  path  to  volume  diffusion. 
Palfrey^®  was  first  to  recognize  their  possible  influ¬ 
ence  on  Hg  self-diffusion  profiles  in  MCT  and  more 
recent  work  has  supported  her  interpretation.^^’^® 

It  appears  that  the  most  commonly  encountered 
situation  arises  when  there  is  no  overlap  between  the 
out  diffusion  zones  of  adjacent  dislocations  or  grain 
boundaries.  Theoretical  modeling  has  been  per- 
formed;^®’^'^  and  although  the  detail  is  complex,  the 
essential  results  can  be  simply  described  (see  Ref  14 
for  a  fuller  description).  For  single  dislocations,  the 
average  planar  concentration  at  depth  x  after  time  t 
is 


C(x,t)  =  C^F(s)  +  7rC^a2dQ(s) 


(12) 
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Table  I.  Arrhenius  Parameters  forD^g 
and  in  MCT _ 


Ref. 

Temp. 

(°C) 

Ph. 

Do 

(cm^s-i) 

Q(eV) 

D'h. 

19 

350-490 

Varied 

o,4r 

1.51* 

20 

350-500 

Varied 

0.281 

1.511 

15 

254-452 

Saturation 

3x10-3 

1.20 

19 

400-490 

Varied 

0.7 

1.55 

20 

350-500 

Varied 

0.0571 

1.441 

21 

350-500 

Varied 

0,068 

1,41 

21 

230-500 

[<0.5PHisat)] 
Saturation  1.9  x  10“^ 

1.15 

*Cheni9  gave  =  0.99  cm^s-\  =  1.50  eV,  but  these  values  give 
D‘  about  twice  the  measured  ones.  The  parameters  in  the  table 
were  obtained  by  a  least  squares  fit  to  Chen’s  graphical  data. 
tTang  and  Stevenson^®  omitted  data  at  350°C  in  the  calculation  of 
their  parameters  for  and  D*^  (private  communcation)  because 

of  a  suspected  break  m  the  Arrhenius  line  below  400°C.  The 
parameters  in  the  table  were  obtained  by  least  squares  fitting  to  all 
their  graphical  data  between  350  and  500°C  inclusive. 


where  s  =  x/2  VBt ,  D  is  the  volume  diffusivity  [D", 

D,  D(impurity)]:  is  the  surface  concentration,  a 

is  the  dislocaton  pipe  diameter,  d  is  the  dislocation 
density.  F(s)  is  an  erfc  or  Gaussian  function  depend¬ 
ing  on  boundary  conditions  and  represents  volume 
diffusion.  Q(s)  is  a  complex  function  which  provides  a 
negligible  contribution  to  Eq.  (12)  when  s  <  2.  When  s 
>  2,  the  Q(s)  term  becomes  dominant  in  Eq.  (12),  so 
that  for  a  constant  surface  concentration  (erfc) 


C(x,t)  ^  (Dt)°-^2  exp(-g^x)  (13) 

or  for  the  thin  film  case  (Gaussian) 


C(x,t)  oc  (Dt)«-92(A -1)1/2  exp(-g,x)  (14) 

with 

g,«[(A,-l)a2]-i/2  (15) 

and  =  D'/D  where  D'  is  the  diffusivity  in  the 
dislocation  pipe.  For  (sub)  grain  boundaries,  two 
component  profiles  are  again  found^'^  with  volume 
diffusion  again  described  by  CFis)  [as  in  Eq.  (12)]  but 
in  the  fast  tail 

C(x,t)  oc  exp(-ggi,xi-2)  (16) 

where  g^^  =  (0.78/  D^^  8  f  D'  is  the  diffusivity 

in  the  grain  boundary  whose  width  is  8.  Equations 
(12)  and  (16)  are  valid  provided  d  <  (n  Dt)"^  and  the 
mean  separation  between  layers  is  >  10  VDt  respec¬ 

tively. 

Hg  AND  Cd  SELF-DIFFUSION  IN  MCT 

Measurements  using  radiotracers  have  been  made 
of  D^g  15,19,20  and  of  as  functions  of  P^g,  as 

well  as  at  Hg  saturation  only,^^’2i  within  the  tempera¬ 
ture  range  254-500°C .  A  notable  feature  is  that  in  the 
Hg  diffusion  profiles^^*^^’^^  and  in  the  Cd  ones^^’^®  the 
profiles  comprised  two  sections,  a  'slow’  erfc  first 
section  followed  by  a  'fast’  tail.  Whereas  Refs.  19  and 
20  interpreted  both  sections  in  terms  of  volume  dif¬ 
fusion  processes,  their  profiles  are  classic  illustrations 
of  Eq.  (12).  In  view  of  the  later  arguments  and  evi- 
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dence,^^-^®  it  is  difficult  to  sustain  the  identification  of 
the  ‘fast’  components  with  a  volume  diffusion  process, 
i.e.  they  should  be  identified  with  short  circuit  path 
diffusion.  Consequently,  we  shall  only  consider  the 
‘slow’  diffusion  data  from  Refs.  19  and  20.  It  was 
concluded  from  measurements  between  350  and  500°C 
that  DJj^and  were  independent  of  Pjj  .^^»2os]^aw,^^ 
however  found  a  slightly  different  situation  for  : 
at  500°C,  was  independent  of  Pj.  but  at  350  and 
400°C,  showed  no  variation  with  P^^ until  > 
0.5  Pjj  (sat.)  when  increased  sharply.  At  280°C, 
Shaw  further  found  D"  F^p  for  P„^  between 
4  X  10“^  and  0.2  atm.  An  equally  good  fit  to  these  data 
at  280°C  is  provided  by 

=.4.8  X  10-14  P^'/  +  2.7  X  10-13  p2/3  (17) 

The  Arrhenius  parameters  describing  the  results  for 
DJjg  and  are  presented  in  Table  I.  In  addition 
least  squares  fitting  of  all  the  DJjg  results  at  Hg 
saturation  fromi^-i^’^®  yields  for  the  range  254-500°C, 

=  3.8  X  10-3  exp(-1.22eV/kT)  cm^s-i  (18) 

and  is  based  on  eight  values  from  Refs.  19  and  20  and 
13  from  Ref.  15.  Arrhenius  plots  of  DJjg  and  using 
Table  I  results  and  Eq.  (18)  are  shown  in  Fig.  1  and 
Fig.  2,  respectively.  Firstly,  we  can  see  that  to  within 
a  factor  of  two,  there  is  good  agreement  between  Ref. 
19  and  Ref.  20  for  DJjg  and  also  between  Refs.  19-21 
for  (using  Pj^^  independent  results  from  Ref. 
21).  Secondly,  there  does  appear  to  be  a  small  but 
significant  difference,  evident  in  both  figures,  be¬ 
tween  the  plots  at  Hg  saturation  and  the  others. 
Recall  that  the  parameters  from  Refs.  19  and  20  are 
based  on  assuming  that  the  self-diffusivity  is  in¬ 
dependent  of  Pjjg  at  a  given  temperature.  Figures  1 
and  2  indicate  otherwise  with  the  difference  being 
more  marked  for  Further  support  is  provided  by 
Eq.  (18)  which  is  virtually  identical  to  the  results  of 
Ref.  15  despite  the  inclusion  of  data  from  Refs.  19  and 
20.  Summing  up,  it  is  suggested  that  above  -300°C, 
and  at  Hg  saturation  are  greater  than  at 
lower  pressures  where  the  self-diffusivity  is  indepen¬ 
dent  of  Pjjg.  As  the  temperature  rises,  the  difference  in 
the  self-diffusivity  between  low  F^^  and  Pjjg(sat.)  de¬ 
creases  to  virtually  zero  at  -500°C.  Below  300°C,  the 
limited  evidence  ( at  280°C)  indicates  that  D* ^ 
and  probably  become  dependent  on  F^^  across  the 
whole  pressure  range  [note  Eq.(17)].  Equation  18  is 
also  plotted  in  Fig.  2  from  which  it  is  clear  that  at  Hg 
saturation  D^g  and  differ  by  less  than  a  factor 
two  between  254  and  500°C  ( D* ^  >  F>*^g)  whereas  at 
lower  Pjjg,  D*  >  by  <50%4^orbyless  than  a  factor 

two.2®  It  would  be  difficult  to  claim  that  these  dif¬ 
ferences  between  and  can  be  seen  as  estab¬ 
lished.  A  fair  conclusion  is  that  any  differences  are 
small  and  within  a  factor  of  two.  The  equality,  or  near 
equality,  of  and  is  consistent  with  the  conclu¬ 

sion  of  Ref.  3  that  there  is  no  Kirkendall  effect  in  MCT 
(see  section  on  Composition  Interdiffusion). 

As  to  diffusion  mechanisms  the  independence  of 
Dgg  and  to  Pjjg  can  be  explained  in  terms  of  a 


nondefect  mechanism  or,  depending  on  the  electro¬ 
neutrality  condition,  single  vacancy,  single  intersti¬ 
tial,  or  defect  complexes  [e.g.  interstitial/vacancy,  di¬ 
vacancy  (VjjgV^^)].  A  full  discussion  of  appropriate 
defect  mechanisms  can  be  found  in  Ref.  21.  Equally  a 
mixture  of  all  three  types  of  mechanism  could  be 
operative.  The  argument  that  a  (Vjj  V^^)  mechanism 
necessitates  is  incorrect.^  In  Eq.  (17),  the 

simplest  interpretation  of  the  Pjjg  relationships  is  that 
the  first  and  second  terms  represent  diffusion  by  Cd. 
and  Cd.  ,  respectively,  provided  P  ^Hg  ^  (he.  n  oc 
Png^)  which  could  arise  through  the  electroneutrality 
condition  p  =  2[  V^g]. 

Finally,  it  is  important  to  record  that  Archer  et 
ai,i5,22  concluded  that  D^g  was  independent  of  the 
method  of  growth  of  the  MCT  material. 

CHEMICAL  SELF-DIFFUSION  IN  MCT 

Measurement  of  in  MCT  has  been  confined  to 
determining  x?/t,  where  Xj  is  the  p-n  junction  depth 
after  time  t  during  anneals  in  Hg  vapor  i.e.  at  A  = 
0  23-29  Bulk23-27  LpE28,29  samplos  were  used.  It  was 

found  that  at  Hg  saturation  x  ?/t  followed  the  Arrhenius 

relation24-26 

xf/t  =Aexp(-Q/kT)  (19) 

The  values  of  A  and  Q  which  were  obtained  are 
summarized  in  Table  II.  Very  good  agreement  is 
apparent,  particularly  as  Xj  was  determined  by  ther¬ 
mal  probing24,25  qj.  optical  absorption.^®  Assuming 
that  the  conversion  process  is  controlled  purely  by 
diffusion  (which  is  justified  by  the  x|  oc  t  relation¬ 
ship)  Schaake  et  al.^3  and  Harman®®  have  modeled  the 
p  n  conversion.  Both  assumed  diffusion  by  Hg 
interstitials  and  vacancies.  According  to  Ref.  23 

/t  =  2S(D;,^(Hg)  +  D^^(Te)/f)/C^,,  (20) 

or  Ref.  30 

x|/t  =  KSD;.^(Te)[fC,,,,(l  +  R/ff  f  (21) 

where  and  DJjg(Hg)  are  the  Hg  self-dif- 

fusivities  at  Te  and  Hg  saturation,  respectively;  f  is 
the  vacancy  correlation  factor  (=  0.78),  S  is  the  concen¬ 
tration  of  cation  sites  (=  1.2  x  lO^®  cm-®)  and  R  = 
Dgg(Te)/DHg(Hg).  CxsTe  is  total  concentration  of 
excess  Te  in  the  p-type  region  (inclusive  of  precipi¬ 
tates).  DHg(Hg)  and  D^g(Te)  were  identified  with  Hg 
interstitials  and  Hg  vacancies  respectively. 


Table  II.  Values  of  A  and  Q  in  Eq.  (19)  for  MCT 


Ref. 

^Cd 

Temp. 
Range  (°C) 

A 

(cm^s-O 

Q 

(eV) 

24 

0.19-0.30 

240-370 

0.51 

0.97 

25* 

0.2 

150-320 

2.8 

1.03 

26 

0.21-0.25 

280-420 

0.28 

0.91 

*Data  for  Xj  / 1 
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Identifying  Dgg(Te)  with  DJj^  from  Ref.  20  (Table  I) 
and  (Hg)  with  Eq.  ( 18)  and  by  dividing  the  experi¬ 
mental  values  of  x?/t  (using  data  from  Ref.  25)  (Table 
II)  with  model  values  from  Eq.  (20)  and  Eq.  (21),  we 
can  obtain  values  of  C^gTe  hi  the  samples  used  in  x?/t 
measurements.  The  results  are  shown  in  Table  III  at 
the  two  temperatures  250  and  370°C  which  represent 
the  validity  hmits  of  Eq.  (18)  and  Eq.  (19),  respec¬ 
tively.  Schaake  et  slP  also  measured  values  of  ( xfCx^/t) 
at  225  and  270°C.  These  experimental  values  are 
compared  in  Table  III  with  the  model  values  calcu¬ 
lated  using  Eq.  (20)  and  Eq.  (21).  The  diffusivities 


Table  III.  Comparison  of  Schaake  et  al.^®  and 
Harman^®  Models  with  Experiment 

CxsTe^cm-®) 

Temp  (°C) 

Schaake  et  al. 

Harman 

370 

1.3  X  1018 

3.1  X  1017 

250 

4.4  X  1017 

7.0  X  1018 

x5CxsTe/t(cm-is-9 

Schaake  et  al. 

Harman 

Exper.28  Model 

Model 

270 

8.6  X  10«  5.2  X  108 

9.2  X  107 

225 

8.2  X  10’  4.6  X  10’ 

5.8  X  108 

have  necessarily  been  extrapolated  to  225°C,  which  is 
not  unreasonable  as  Eq.  (18)  is  the  dominant  term. 

The  values  of  C^gTe  derived  are  in  agreement  with 
expected  magnitudes. However,  in  Eq.  (20)  and 
Eq.  (21),  CjfgTe  would  be  expected  to  be  constant  in  a 
given  set  of  experiments,  so  that  the  activation  energy 
for  xf/t  [Q  in  Eq.  (19)]  should  be  1.22-1.51  eV  and  not 
be  significantly  less.  This  difference  in  activation 
energies  accounts  for  the  fall  in  C^sTe  evident  in  Table 
III  as  the  temperature  falls.  On  the  other  hand,  there 
is  excellent  agreement  between  experiment  and  the 
Schaake  model  for  ( xf  CxgTe/t)  at  both  225  and  270°C. 
Support  for  the  Schaake  modeP^  comes  from  the 
observation  at  300°C  that  x?/t  varies  as  this 

would  be  the  Dgg(Hg)  term  in  Eq,  (20)  which  also 
links  up  well  with  the  dependence  Ph^^  found 

at  280°C.2i 

A  further  problem  arises  from  the  results  of 
Wienecke  et  aV  who  carried  out  high  temperature  in 
situ  Hall  and  resistivity  measurements  on  Te  satu¬ 
rated  HgogCdgoTe.  They  found  native  acceptor  con¬ 
centrations  (  Vh' )  in  excess  of  1  x  10^®  cm-^  between 
300  and  600°C.  The  clear  implication  is  that  previous 
estimates  of  are  at  least  an  order  of  magnitude 
too  low  (see  also  Table  III)  which  in  turn  means  that 
the  right  hand  sides  of  Eq.  (20)  and  Eq.  (21)  are  too 
small  by  at  least  a  factor  of  ten.  Given  that  these 
acceptor  concentrations  are  correct,  the  only  way  to 
reconcile  x?/t  with  a  faster  diffusion  process,  than 


Table  IV.  Summary  of  CID  Parameters  Defined  by  Eq.  (11)  and  Eq.  (22) 


Ref. 

Interface  or 
Profiling 
Method* 

Temp 

(°C) 

Xcd 

Nonstoichiometry 
or  Doping 

D„ 

(cm^S“i) 

Q 

(eV) 

31 

SV  +  LG 

550 

1.49  +  0.51  + 

0.0017  Png 

0. 1-0.9 

0<P„„  (atm)<6 

1 

600 

1.42  +  0.62xcj  + 

0.0098  Ph, 

32 

SV  +  LG 

450-700 

0.1-0.7 

Te  rich 

300exp  (-7.53X(.^) 

1.92 

33 

SS  +  LG 

690 

0.3-0.9 

Hg  rich 

1 

1.39  +  0.46  Xp^ 

34 

SS  +  LG 

470-590 

0,3-1 

Te  rich 

2  X  108  exp  (-8.16x^.p 

1.42-0.32xcd 

35 

SS  +LG 

400-600 

0-1 

Te  rich  (>500°C) 

315exp(-8.06Xcd) 

1.93 

Hg  rich  (<450°C) 

(=315  X  10-8 

36 

SS 

500-600 

0.05-0.95 

Te  rich 

1 

1.54  +  0.47  Xcd 

Hg  rich 

1 

1.60  +  0.41xcj 

37,41 

SS 

400-600 

0. 1-0.9 

Te  rich 

1 

1.54  +  0,46  Xcd 

Hg  rich 

1 

1.53  +  0.47xcd 

38 

HgTe/CdTe 

200-220 

0-1 

Hg  rich 

1 

1.46  +  0.63xcd 

Superlattice 

(MBE) 

240 

Hg  rich 

1 

1.45  +  0.49X(.^ 

39,40 

Xc,  =  0.27/0.85 

200-265 

0.27-0.85 

— 

^24exp(-37.5X(,p 

1.82-1.50xcj 

MQW  (MBE) 

^2.5exp(-37.5x^j) 

1.79-1.50xcd 

42 

BBS 

280-340 

--1 

Hg  Saturation 

1.25  X  108 

2.0 

43 

Radiotracer 

300-400 

~1 

Hg  Saturation 

1,7  X  10-2 

1.57 

100-300 

^1 

Hg  Saturation 

2.8  X  10-18 

0.27 

44 

FIXE 

360-550 

-1 

Hg  Saturation 

6.6 

1.91 

45 

Radiotracer 

250-350 

^0 

Te  rich 

3.1  X  10-^ 

0.66 

*SV,SS  denote  solid/vapor,  solid/solid  interfaces,  respectively;  LG  denotes  layer  growth  during  CID. 

tThe  upper  and  lower  entries  refer  respectively  to  positions  in  the  stack  which  are  near  the  middle  and  close  to  the  substrate. 
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given  by  ,  seems  to  be  to  invoke  short  circuit  paths 

i.e.  EPD. 

COMPOSITIONAL  INTERDIFFUSION 

In  common  with  D  in  other  systems,  the  exper¬ 
imental  values  for  D  in  MCT  can  be  represented  in 
the  Arrhenius  form 

D  (x^„T)  =  D,(x^,)  exp(-Q(x,,)/kT)  (22) 

where  D^Cx^.^)  and  are  exponential  and  linear 

functions  of  x^.^,  respectively.  It  turns  out  that  while 
and  Q  may  both  be  functions  of  x^.^  equally  satisfac¬ 
tory  fits  are  obtained  with  constant  and  Q  depen¬ 
dent  on  x^.^  and  vice  versa.  Most  of  the  results  for  Dvs 
have  been  obtained  by  CID  across  a  single  inter¬ 
face  with  the  composition  profile  being  determined  by 
the  electron  microprobe  technique.^^-^^  Additionally, 
Auger  electron  spectroscopy  and  x-ray  photoelectron 
spectroscopy  have  been  used  to  gain  better  spatial 
resolution.^^  Compositional  interdiffusion  experiments 
have  also  been  performed  in  superlattice  structures^® 
and  multiple  quantum  wells.®^’^^  In  the  case  of  Ref. 

38,  double  crystal  x-ray  diffraction  was  used  to  moni¬ 
tor  the  interdiffusion.  The  nature  of  the  technique 
means  that  what  is  observed  is  some  average  taken 
through  the  stack.  By  contrast,  Kim  et  al.®®’^®  devel¬ 
oped  the  transmission  electron  microscopy  technique 
to  enable  composition  profiles  across  a  single  inter¬ 
face  in  their  MQW  stacks.  In  each  case,®®^®  interpre¬ 
tation  of  the  results  was  achieved  by  matching  to 
simulated  data  based  on  an  exponential  variation  of 
D  with  x^^  at  a  given  temperature. 

The  parameters  for  D  which  describe  the  results 
from  Refs.  31-40  are  summarized  in  Table  IV.  Points 
to  note  are  that  where  D  has  been  obtained  at  a  single 
temperature,®^'®®’®®  has  been  taken  as  unity  (follow¬ 
ing  Ludington’s  analysis). Ludington  showed  that 
Tang  and  Stevenson’s  Te-rich  results®'^  could  be  fitted 
to  within  60%  between  450  and  550°C  by  the  parame¬ 
ters  shown  in  Table  IV  for  Refs.  37  and  41.  To  within 
a  factor  of  two,  the  same  parameters  describe  D 
between  400  and  600°C.  The  parameters  for  the  Hg- 
rich  results  from  Ref.  37  have  also  been  evaluated  and 
are  included  in  Table  IV.  Leute  et  al,®®  presented  their 
results  in  graphical  form  ( D  vs  x^.^  at  different  tem¬ 
peratures).  The  parameters  given  in  Table  IV  for  Ref. 
36  were  derived  from  their  graphs.  The  parameters 
given  by  Kim  et  al.®®’^®  refer  to  -300K:  the  parameters 
included  in  Table  IV  were  derived  from  Fig.  4  of  Ref. 

39.  It  should  be  noted  that  the  parameters  recorded  by 
Ref  34  appear  to  contain  errors  as  they  yield  values 
of  D  many  orders  of  magnitude  greater  than  indi¬ 
cated  by  their  CID  profiles.  Tang  and  Stevenson®'^ 
measured  D  between  300  and  600°C;  but  below 
400°C,  the  variation  of  D  with  x^^  could  not  be  fitted 
to  a  single  exponential,  the  dependence  on  non¬ 
stoichiometry  increased  and  the  overall  variation  in 
D  with  x^d  decreased  significantly. 

Further  points  are:  CID  profiles  reduce  to  a  single 
profile  when  plotted  against  x/ Vt  ;®^  D  shows  little 
dependence  on  nonstoichiometry,  at  least  above 


400°C;®^’®®’®'^  D  increases  with  either  donor  (In)  or 
acceptor  (Ag)  doping.®® 

When  x^d  1,  Eq.  (11)  tells  us  that  D  Djj^  i.e.  the 
diffusivity  of  Hg  in  CdTe.  Similarly,  for  x^^  ^  0,  D  ^ 
i.e.  the  diffusivity  of  Cd  in  HgTe.  These  limiting 
values  for  D  can  be  directly  measured  by  diffusion 
from  a  Hg^^^  or  Cd^®  ambient  into  CdTe  or  HgTe, 
respectively.  The  Arrhenius  parameters  obtained  from 
such  experiments  are  given  in  Table  IV.  The  radio- 
tracer  technique  was  used  by  Refs.  43  and  45  whereas 
profiling  by  Rutherford  back-scattering  (RBS)^^  and 
by  proton  induced  x-ray  emission^^  were  alternative 
techniques  also  used.  Jones  et  al.^®  found  that  their 
profiles  consisted  of  two  sections,  designated  slow  and 
fast.  Only  the  parameters  for  their  slow  components 
are  given  in  Table  IV  as  the  situation  is  seen  as  very 
similar  to  that  found  for  self-diffusion  in  MCT  (see 
section  on  Hg  and  Cd  Self-Diffusion  in  MCT). 

In  order  to  compare  the  various  results  for  D  listed 
in  Table  IV,  values  of  D  at  x^.^  =  0  and  1  are  shown  as 
Arrhenius  plots  in  Fig.  3  (omitting,  however,  Ref.  34). 
The  pattern  of  data  has  a  divide  in  the  region  350- 
400°C.  Above  -400°C,  there  is  good  agreement  at  x^.^^ 
=  0  between  Refs.  31-33, 35, 36,  and  41  whereas  at  x^^ 
=  1  two  groups  are  evident  with  each  group  showing 
good  agreement  between  its  members  i.e.  Refs.  31,32, 
35, 36,  and  41  and  33, 43,  and  44).  The  difference  in  D 
between  these  two  groups  is  a  factor  between  10  and 
100  and  is  clearly  a  substantial  one.  Possible  explana¬ 
tions  of  this  discrepancy  can  be  found  in  Ref.  44,  but 
it  is  still  a  problem  requiring  an  answer.  Below 
-350°C,  the  results  of  Ref.  42  at  x^,^  =  1  and  of  Ref.  45 
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Fig.  3.  Arrhenius  plots  of  D  at  =  0  and  1  from  Eq.  (11)  and  the  data 
given  in  Table  IV  (extrapolated  where  necessary).  At  300  and  350°C, 
the  D  values  from  Ref.  37  correspond  to  the  maximum  and  minimum 
values  found  at  x^^  =  0. 1  and  0.9,  respectively.  For  Kim  et  the  solid 

and  broken  lines  denote  positions  in  the  middle  and  bottom  (substrate) 
ofthemultMayerstack.  The  plots  for  Ref.  31  correspond  to  P^^g  =  1  atm. 
As  there  is  little  difference  in  D  between  Hg  and  Te-rich  conditions  in 
the  results  of  Ref.  36  only  the  plots  for  Te  rich  conditions  are  shown. 
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Table  V.  Summary  of  Results  Obtained  for  D,„  in  MCT  from  Fits  to  Erfc  Distributions 


Temp. 

Ambient 

d; 

Q* 

d; 

Q' 

Ref. 

Xcd 

(°C) 

Atm. 

(cm-^) 

(cm^s"^) 

(eV) 

(cm"^) 

(cm^s"^) 

eV 

46 

0.2 

300-450 

Hg  Saturation 

*6E18 

1.5E-4 

0.95 

‘2.5E18 

2E-6 

0.55 

47 

0.2 

230-401 

HighP„g 

4E19  to 

tl.65E-3 

1.17 

— 

— 

— 

LowPjjg 

5E21 

0,92 

1.48 

— 

— 

— 

48 

0.2 

300-450 

HighP„g 

1E20  to  1E21 

4E-3 

1.24 

— 

— 

— 

49 

0.2(?) 

250-400 

Hg  Saturation 

4E15 

2.2E-6 

1,16 

— 

— 

— 

50 

0,22 

225 

Flowing  Ar 

2E21 

4.3E-15 

51 

0.22-025 

380 

HighPHg 

8E20 

3.8E-13 

52 

0.22 

300 

Capped 

7E19 

5E-14 

350 

Capped 

7E19 

3E-13 

53 

0.22 

400 

Capped 

7E19 

8E13 

Note-  Where  a  single  erfc  profile  was  observed,  the  parameters  are  entered  under  the  ‘s’  suffix.  The  ‘s’  and  ‘f  suffixes  refer  to  slow  and 
fast  erfc  components.  C„  denotes  the  In  surface  concentration.  ‘At  400‘’C;  ^Eq.  (6)  in  Ref  47  contains  a  misprint  for  D„.  The  correct  value 
is  1.65E-3,  not  1.65E-2.°  _ 
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Fig.  4.  Arrhenius  piots  of  the  results  for  D|„  given  in  Table  V.  The  ‘h’  and 
T  labels  associated  with  Ref.  47  denote  the  high  and  iow  condi¬ 
tions,  respectively. 


at  Xgj  =  0  must  be  regarded  as  suspect.  It  is  possible  in 
Ref.  45  that  the  40  MeV  0®+  ions  used  for  profiling  also 
drive  the  Hg  ions  deeper  into  the  sample.*^  At  =  0 
the  slopes  of  the  plots  for  Refs.  37-39  are  not  too 
dissimilar  from  those  above  400°C;  however,  below 
~350°C,  marked  changes  in  the  slopes  for  x^.^  =  1  are 
evident  with  Refs.  37,  39,  and  43  finding  substantial 
reductions  whereas  Ref.  38  found  a  substantial  in¬ 
crease.  In  terms  of  magnitudes  of  D ,  the  radiotracer 
results  at  x^^j  =  coincide  with  those  for  x^^  =  0®®  at 
~200°C,  which  seems  an  improbable  situation.  As  a 
general  conclusion  for  x^^^  =  0  below  ~350°C,  it  seems 
that  the  data  lie  within  a  factor  of  ten  of  values 


extraplated  from  the  higher  temperature  measure¬ 
ments  whereas  for  x^,^  =  1,  below  350°C,  the  situation 
is  quite  uncertain. 

IMPURITY  DIFFUSION 

Since  the  earlier  review  of  impurity  diffusion  in 
MCT,2  most  interest  has  focused  on  In  and  As  which 
are  proving  to  be  important  dopants.  This  section  will 
be  confined  to  these  impurities. 

In  Diffusion  in  MCT 

The  present  situation  is  defined  by  work  carried  out 
since  1983.^®'®®  Earlier  work  was  considered  in  Ref.  47. 
This  recent  work  is  based  on  radiotracer^-^'^  or  SIMS^® 
profiling  of  bulk^®-^'^  or  epilayer  (LPE,‘‘®  ®i-®®  MBE,"*® 
MOVPE®“)  samples  using  a  variety  of  diffusion  sources; 
evaporated  layer,^®®  electroplated  layer, vapor,^''’^-®^ 
In-doped  MBE  layer In  ion  implant.®^  ®®  Generally, 
single  erfc  profiles  were  obtained,  in  some  cases  ex¬ 
tending  over  nearly  four  orders  of  magnitude  in  In 
concentration.  Gorshkov  et  al.^®  reported  profiles 
consisting  of  two  erfc  sections:  a  slow  and  a  fast 
component.  Non-erfc  profiles  were  also  found’*’’’  ®^  ®^ 
whose  shapes  indicated  that  was  concentration 
dependent,  decreasing  with  falling  In  concentration. 
Gorshkov  et  al.^®  also  found  that  (slow)  was  inde¬ 
pendent  of  Pjjg  at  300°C,  a  feature  supported  by  Ref. 
47  from  measurements  between  230  and  400°C;  al¬ 
though  a  small  variation  may  be  present,  it  is  com¬ 
mensurate  with  the  experimental  scatter.  Isocon¬ 
centration  experiments  at  400°C  gave  single  erfc 
profiles  with  diffusivities  equal  to  Dj^  (slow).^®  This 
equality  and  the  existence  of  a  single  erfc  implies  that 
the  fast  component  seen  by  Ref.  46  is  not  due  to  short 
circuit  path  diffusion  and  reflects  a  volume  mecha¬ 
nism  where  there  is  a  departure  from  local  defect 
equilibrium.  The  results  from  Refs.  46-53  are  summa¬ 
rized  in  Table  V  and  are  shown  also  as  Arrhenius  plots 
in  Fig.  4.  To  within  a  factor  of  ten,  it  is  evident  in  Fig. 
4  that  there  is  agreement  between  all  the  data,  apart 
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Table  VI.  Summary  of  D^Data  vs  Temperature  for  MCT 


Ref. 

Xcd 

Temp.  (°C) 

Ambient  Atm. 

C„(cm^) 

56 

0.18 

400 

As  and  Hg 

2.5E18 

*(8-ll)E-14 

57 

0.2(?) 

350 

(2-4)E18 

7.5E-15 

Png  ==  atm 

(2-4)E18 

3.4E-13 

0.16  atm 

(2-4)E18 

4.3E-12 

t58 

0.19-0.23 

400 

Hg  Saturation 

2E18 

2.8E-14 

Hg  Saturation 

2E18 

^2.9E-14 

450 

Hg  Saturation 

1.2E18 

2.6E-13 

Hg  Saturation 

5E18 

1.9E-13 

Hg  Saturation 

IE  18 

2.0E-13 

49 

0.2(?) 

400 

Hg  Saturation 

~8E17 

3.0E-14,4.5E-14 

350 

Hg  Saturation 

^8E17 

3.0E-15 

250 

Hg  Saturation 

~8E17 

3.0E-17,  7.5E-17, 1.6E-16 

Note:  denotes  the  As  surface  concentration. 

"“The  lower  and  higher  limits  represent  Gaussian  and  erfc  fits,  either  of  which  gave  equally  good  fits. 

^The  data  listed  were  obtained  with  MOCVD  layers.  Very  similar  results  were  obtained  with  LPE  material.®^ 
^Ref.  58  gives  =  1.9E-14  cmV^but  a  better  fit  is  given  by  2.9E-14cm2s  ^ 


from  Ref.  49  and  the  fast  component  of  Ref.  46,  with 
substantially  closer  agreement  existing  between  Refs. 
47,  48,  50,  and  52.  A  striking  aspect  of  Fig.  4  is  the 
huge  reduction  in  observed  by  Myers  et  al.^®  We 
see  from  Table  V  that  the  In  concentrations  used  by 
Ref.  49  are  three  to  five  orders  of  magnitude  smaller 
than  those  employed  by  the  other  workers  and  it 
seems  reasonable  to  seek  an  explanation  for  the 
disparity  in  Dj^  in  terms  of  this  concentration  differ¬ 
ence. 

Diffusion  models  for  Dj^  have  already  been  de¬ 
scribed  and  discus sed.^®'^*^  More  recent  models  have 
also  been  put  forward.^®’^h54  Vydyanath  et  al.^®  pro¬ 
posed  the  In  is  present  largely  as  (2InjjgVjjg)''  with  the 
electroneutrality  condition 

and  that  Inj^  diffuses  via  a  mechanism.  This 
model  gives  ifj^  independent  of  but  also  inversely 
proportional  to  In^^^  where  In^^^  is  tne  total  In  concen¬ 
tration  (see  Appendix  1).  This  latter  aspect  of  Dj^ 
explains  neither  the  erfc  profiles  nor  the  increase  in 
with  increasing  In^^^,  seen  in  the  non-erfc  profiles. 
Week  and  WandeP^  interpreted  their  profiles  in  terms 
of  In  interstitials,  In^,  diffusing  by  the  Frank  Turnbull 
mechanism  (In.  +  o  In^g)  and  by  the  kick-out 
mechanism  (In^  -i-  Hg^j^  4->  In^g  +  Hg.).  These  mecha¬ 
nisms  both  give  rise  to  a  dependence  of  Dj^  on 
which  does  not  seem  to  have  been  considered  by  Ren 
51.  The  model  of  Wong  and  RoedeP^  considers  that  In 
is  present  entirely  as  Injj  and  In^g  with  diffusion 
occurring  via  or  possibly  V^g.  A  weak  dependence 

on  Pjjg  was  claimed  but  it  is  unclear  how  this  com¬ 
pared  with  experimental  findings  More  impor¬ 
tantly  perhaps  is  their  neglect  of  impurity  banding  at 
high  In^^^  which  ensures  that  all  the  In  is  always  fully 
ionized.^  Their  use  of  the  mass  action  law  between  n 
and  p  is  also  invalid  in  degenerate  material.^  A  model 
based  on  In^^g  and  the  singly  ionized  acceptor  defect 
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Fig.  5.  Arrhenius  plots  of  at  or  near  Hg  saturation.  Data  from  Table 
VI.  Symbols:  •  The  solid  line  is  a  plot  of  Eq.  (24). 


pair  (1%  Vjjg)'  with  diffusion  via  the  defect  pair  is 
describee!  in  Appendix  1.  This  model  provides  erfc 
profiles,  independent  of  Pjjg  at  high  In.^^^,  a  large 
reduction  in  at  low  In^^t ?  which  are  observed. 

It  also  predicts  that  Dj^  at  low  In^,^^  varies  as  P^y^  or 
^Hg  which  can  be  tested  by  experiment.  The  problem 
of  non-erfc  profiles,  however,  still  remains.  As  a  first 
step,  it  would  be  valuable  to  be  able  to  distinguish 
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between  the  conditions  which  lead  to  erfc  profiles  and 
those  leading  to  non-erfc  profiles. 

Vydyanath  et  al.^®  based  their  diffusion  model,  in 
part,  on  the  electrical  properties  measured  at  77K  of 
In  doped  samples  quenched  from  temperatures  be¬ 
tween  400--600°C.  The  assumption  was  made  that  the 
defect  situation  at  the  anneal  temperature  was  frozen 
in  during  the  quench.  This  is  an  assumption  which  is 
not  easy  to  justify  because  the  quench  cannot  be 
instantaneous.  If  the  sample  cools  at  a  linear  rate  a 
Ks-i  fYom  an  anneal  temperature  T^  then  the  diffusion 
length,  L,  of  In  during  the  cooldown  period  is^^ 

L  =  2(D  JT,)/p)i^2  (23) 

where  p  =  aQ/kT^;  Dj^(T^)  is  at  the  anneal  tempera¬ 
ture,  and  Q  is  the  activation  energy  of  Dj^.  Taking  a  = 
30  Ks"^  and  parameters  for  from  Table  V,  we  find 
L  «  0.04  and  3  pm  for  T^  =  400  and  600°C,  respectively. 
These  values  compare  with  average  In  separations  of 
0.01  and  0.001  pm  at  In  concentrations  of  10^^  and  10^^ 
cm-^.  In  other  words,  relative  to  the  mean  separation 
of  the  In  defects.  In  is  very  mobile  during  the  quench 
period. 

As  Diffusion  in  MCT 

Measurements  of  have  been  carried  out  solely  in 

epitaxially  grown  material  MOCVD,®^>^^ 

MBE^^),  from  anneals  in  the  temperature  range  250- 
450°C.  Various  As  diffusion  sources  were  utilized: 
vapor,^®  step-doped  layers,^^’^'^  or  As  ion-implants.^®’®^ 
Falconer  et  al.®®  used  the  radiotracer  method  with 
serial  sectioning  to  obtain  As  diffusion  profiles, 
whereas  secondary  ion  mass  spectroscopy  profiling 
was  employed  in  all  the  other  cases.  Diffusion  anneals 
were  performed  under  Hg  saturation,  apart  from  Ref. 
56  where  the  presence  of  the  As  would  reduce  Phs 
the  ampoule.  The  dependence  of  on  Pjj^  was  also 
determined  at  350°C.®'^  In  all  cases,  good  single  erfc 
profiles,  extending  up  to  three  orders  of  magnitude  in 
concentration,  were  found.  Bubulac  et  al.®®-®®  also 
found  a  deeper  exponential  tail  to  their  erfc  profiles, 
whose  appearance  was  related  to  the  EPD  concentra¬ 
tion.  The  values  for  derived  from  the  erfc  profiles 
are  listed  in  Table  VI.  Arrhenius  plots  for  the  data  at 
or  near  Hg  saturation  are  given  in  Fig.  5  and  reveal  a 
not  unreasonable  measure  of  consistency,  particu¬ 
larly  in  view  of  the  mixture  of  techniques  used.  A  least 
squares  fit  of  these  data  (excluding  Ref.  56)  to  an 
Arrhenius  relation  3delds  (at  Hg  saturation) 

=  1.52  X  10^  exp(-1.28  eV/kT)  cm^s-i  (24) 

At  350°C,  the  results  of  Chandra  et  al.®^  show  that 
rises  dramatically  with  reducing  Pjjg.  A  least  squares 
fit  to  their  three  measurements  gives 

=  ( 9 :  5 )  X  10-1®/  P3.6±1.4  (25) 

for  Pjjg  in  atm. 

Chandra  et  al.®'^  proposed  that  As  is  incorporated  as 
the  singly  ionized  defects  ASjjg  and  As^^,  with  [  As^J 
»  [  Asjjg]  and  only  being  mobile  (diffusing  by 
V^g ).  Analysis  similar  to  that  given  in  Appendix  1  and 


bearing  in  mind  that  the  Asj^g  diffusivity  is  V'g] 
shows  that  oc  p-|  for  intrinsic  conditions  or  for  the 
electroneutrality  conditions  p  =  [  As^^  ]  or  p  =  2  V^g  ].  In 
each  case  is  also  independent  of  As  concentration 
(i.e.  erfc  profiles). 

A  final  point  concerns  the  exponential  tails  ob¬ 
served  by  Bubulac  et  al.®®  ®^  which  was  attributed  by 
them  to  enhanced  volume  diffusion  of  As  in  a  region 
where  there  was  no  local  defect  equilibrium.  It  is 
interesting  to  note  that  all  of  the  erfc  plus  tail  profiles 
that  they  present  are  consistent  with  all  of  the  fea¬ 
tures  predicted  by  short  circuit  path  diffusioni®’!'^  (see 
also  section  on  Short-Circuit  Path  Diffusion).  Using 
Eq.  (13)  and  Eq.  (15),  with  a  =  5  x  10"®  cm,  their  profiles 
give  ~  1.8  X  10®  and  1  x  10®,  respectively,  at  400  and 
450°C.  It  appears  that  short  circuit  paths  can  provide 
an  alternative  explanation  of  the  As  tail. 

CONCLUSIONS 

Self-Diffusion 

Good  agreement  exists  on  the  experimental  values 
for  DJjg  and  D^d-  The  evidence  suggests  that  the  self- 
diffusivity  is  greater  at  Hg  saturation  than  at  lower 
Pjjg  where,  above  300°C,  it  is  largely  independent  of 
P^g.  More  work  is  needed  below  300°C  to  establish  and 
confirm  how  Dj^g  and  D^d  vary  with  Pjjg.  Above  300°C, 
no  single  diffusion  mechanism  can  be  identified,  vari¬ 
ous  possibilities  exist.  Below  300°C,  there  is  clear,  but 
limited,  evidence  for  an  interstitial  mechanism.  Mea¬ 
surement  of  D^g  and  DJ.^  in  doped  extrinsic  MCT 
would  provide  valuable  information  in  elucidating 
self-diffusion  mechanisms. 

Chemical  Self-Diffusion 

There  is  good  agreement  between  results  on  the 
movement  of  p-n  junctions.  Modeling  of  the  con¬ 
version  process,  however,  is  a  little  uncertain  as  it 
may  underestimate  experimental  conversion  rates 
because  of  uncertainty  in  the  true  excess  Te.  Mea¬ 
surements  of  the  in-situ  electrical  conductivity  relax¬ 
ation  times  following  a  step  change  in  Pjjg,  using  the 
basic  technique  of  Ref.  7,  would  be  invaluable. 

Compositional  Interdiffusion 

Above  -400°C,  there  is  reasonable  agreement  be¬ 
tween  different  workers  at  low  x^.^,  but  at  high  x^.^, 
there  is  substantial  disagreement  for  reasons  that  are 
not  clear.  Below  -'400°C,  the  agreement  is  poor.  There 
is  a  clear  need  for  more  careful  experiments  and 
analysis. 

Impurity  Diffusion 

Quite  good  consistency  exists  between  Dj^  results 
from  erfc  profiles  obtained  at  high  In  concentrations. 
The  remarkable  drop  in  Dj^  found  at  low  In  concentra¬ 
tions  can  be  accounted  for  in  a  way  consistent  with  the 
high  concentration  Dj^.  There  is,  however,  a  real 
problem  in  explaining  how  and  why  non-erfc  profiles 
arise.  The  situation  for  D^  probably  represents  the 
best  overall  position  for  a  diffusant:  there  is  both  good 
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agreement  between  experimental  data  and  between 
experiment  and  a  diffusion  model  based  on  a  mobile 
Asjjg  diffusing  via  Hg  vacancies. 

Influence  of  Growth  Technique 

It  is  worth  noting  that  where  direct  comparisons 
have  been  made  (e.g.  D*(Hg)  at  Hg  saturation  and  Dj^) 
bulk  and  epilayer  material  yield  essentially  identical 
results. 
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APPENDIX  1 

As  a  variation  and  simplification  of  the  Vydyanath 
et  al.  modeU®  assume  that  In  is  incorporated  as 
In  Hg  and  (In^gYng)' = A'.  At  high  In  concentrations,  the 
electroneutrmity  condition  is  [In^g]  =  [A']  and  the 
total  In  concentration  is  simply 


In_  =  [In*  In„ J  +  [A'] 


(Al) 


^Tot  “  L 

Assuming  that  In  diffusion  is  due  to  the  mobile  A' 
defect  whose  diffusivity  is  D(A'),  then 


n 

dx 


=  D(A') 


dx 


so  that 


D. 


:D(A')M 


3x 


(A2) 


At  high  [Injjg]  =  [A'],  so  Eq.  (A2)  becomes 
D:„=0.5D(A') 


(A3) 


At  low  (-10^®  cm-®),  the  electroneutrality  condi- 
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tion  can  be  taken  as  p  =  2[  and,  if  [  Injj  ]  »  [A'], 
use  of  the  Law  of  Mass  Action®®  and  Eq.  (A2)  shows 
that 

D(A')  oc  D(A')  /  (A4) 

Alternatively,  at  high  and  low  In,p^j,  the  sample 
may  be  intrinsic,  in  which  case  it  is  easy  to  show  from 
Eq.  (A2)  that 

D,„=i^D(A')-D(AO/PH,  (A5) 

At  high  In^^t,  Dj^[Eq.  (A2)],  is  therefore  independent 


of  both  Pjjg  and  In  concentration  ( erfc  profiles)  while 
at  low  In  concentrations  [Eq.  (A3)  and  Eq.  (A4)],  D,,^  is 
again  independent  of  concentration  but  should  show 
an  inverse  dependence  on  P^^or  P^^.  Equations  (Al), 
(A2),  and  (A3)  also  show  that  Dj„  decreases  by  a  factor 
~  [A']/In.j,^j  («  1)  in  going  from  high  to  low  In  concen¬ 
trations. 

NOTE 

A  more  recent  and  detailed  analysis  of  can  be 
found  in  Ref.  61. 
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Variation  of  Arsenic  Diffusion  Coefficients  in  HgCdTe  Alloys 
with  Temperature  and  Hg  Pressure:  Tuning  of  p  on  n  Double 
Layer  Heterojunction  Diode  Properties 

D.  CHANDRA,  M.W.  GOODWIN,  M.C.  CHEN,  and  L.K  MAGEL 
Central  Research  Laboratories,  Texas  Instruments  Inc.,  Dallas,  TX  75265 

Arsenic  diffusion  coefficients  were  measured  in  HgCdTe  alloy  films  at  375, 400, 
and  425°C.  The  diffusion  coefficients  displayed  a  strong  dependence  on  Hg 
pressures  at  all  three  temperatures,  increasing  by  1000  x  with  decreasing  Hg 
pressure.  The  Hg  pressures  employed  were  selected  to  span  a  portion  of  the  single 
phase  field  at  each  temperature.  These  investigations  added  to  the  diffusion 
measurements  at  350°C  reported  earlier.  The  behavior  reported  at  all  three 
temperatures  generally  resembled  the  behavior  observed  at  350°C.  For  example, 
at  375°C,  the  diffusion  coefficient  increased  from  1.6  x  10"^^  cmVs  for  a  Hg 
overpressure  of  --1.25  atm,  corresponding  to  the  Hg  saturated  end  of  the  phase 
field,  to  3.2  x  lO-^^  cmVs,  when  the  Hg  overpressure  was  decreased  to  0.2  atm,  at 
a  point  within  the  phase  field,  but  still  considerably  removed  from  the  Te- 
saturated  end.  For  mercury  pressure  ranges  generally  within  an  order  of 
magnitude  from  the  Hg  saturated  end  point,  the  transport  behavior  remained 
simple  classical  and  the  diffusion  coefficients  varied  approximately  as  oc  at 

all  three  temperatures.  With  continued  decrease  in  the  mercury  pressure,  the 
transport  behavior  still  remained  simple  classical,  but  the  dependence  of  the 
diffusion  coefficients  on  mercury  pressure  became  more  complex,  progressing 
from  a  dependence  to  a  dependence.  This  transition  was  most  apparent 
at  425°C.^With  additional  decrease  in  the  Hg  pressure,  the  transport  behavior 
became  more  complex  and  could  no  longer  be  described  by  a  simple  classical  or 
a  monocomponent  concentration  independent  Fickian  model.  This  range  was  not 
studied  during  the  present  investigations.  Additional  progress  in  tuning  the 
positioning  of  the  p/n  junction  for  double  layer  heterojunction  films  was  possible 
from  the  results  obtained.  This  was  demonstrated  by  comparing  diode  perfor¬ 
mances  obtained  on  heterojunctions  films  subjected  to  seleccted  anneal  se¬ 
quences. 

Key  words:  As,  diffusion,  diode,  HgCdTe,  heterojunction,  infrared  detectors 


INTRODUCTION 

P  on  n  double  layer  HgCdTe  heterostructures  with 
a  mid  wavelength  infrared  (MWIR)  top  layer  can  offer 
significant  performance  improvements  in  a  HgCdTe 
photovoltaic  detector  under  certain  circumstances.^^^ 
These  heterostructures  are  particularly  preferred  over 
n  on  p  structures  when  minority  carrier  lifetimes  and 
mobilities  and  technological  problems  related  to  sur¬ 
face  passivation  control  are  considered.^  Further¬ 
more,  at  higher  operating  temperatures,  diode  leak¬ 
age  due  to  diffusion^  is  eliminated  from  the  wide  band 
gap  region.  A  properly  constructed  heterojunction 
detector  offers  improved  reverse  breakdown  charac- 
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teristics  at  very  low  temperatures  and  long  detection 
wavelengths  due  to  reduced  tunneling.^  In  general, 
long  wavelength  infrared  (LWIR)  p  on  n  HgCdTe 
photodiodes  offering  superior  performances  have  been 
obtained  by  both  molecular  beamepitaxy  (MBE)^  and 
liquid  phase  epitaxy  (LPE).^  Though  the  upper  limit 
of  the  n  on  p  homojimction  diodes  has  also  been  raised 
to  comparable  magnitudes  recently,®  the  reproduc¬ 
ibility  of  these  performance  levels  is  not  known. 

Optimization  of  the  heterojunction  performance 
depends  critically  on  tuning  dopant  profiles  with 
compositional  variations.  When  the  p/n  junction  re¬ 
sides  too  deeply  within  the  compositional  het¬ 
erostructure,  formation  of  valence  band  barriers  to 
the  photogenerated  minority  carriers  across  the  junc¬ 
tion  cannot  be  avoided.^  At  the  other  extreme,  if  the 
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Fig.  1 .  (a)  As-grown  profile  as  described  in  the  text;  (b)  distribution  of  arsenic  after  1  h  at  400°C;  Hg  overpressure:  0.61  atm;  the  solid  line  shows 
the  best  fit  obtained  assuming  composition  independent  Rckian  diffusion;  (c)  distribution  of  arsenic  after  4  h  at  400°C;  Hg  overpressure:  0.61  atm; 
the  solid  line  shows  the  best  fit  obtained  assuming  composition  independent  Fickian  diffusion;  (d)  distribution  of  arsenic  after  6  h  at  400°C;  Hg 
overpressure:  0.61  atm;  the  solid  line  shows  the  best  fit  obtained  assuming  composition  independent  Fickian  diffusion. 


p/n  junction  is  located  deep  within  the  long  wave¬ 
length  base  layer,  the  beneficial  effects  of  the  wider 
energy  gap  in  reducing  generation-recombination  and 
tunneling  leakage  currents  are  lost.^  The  optimum 
performance  can  presumably  be  obtained  when  the  p/ 
n  junction  is  located  such  that  the  extent  of  the  graded 
band  gap  region  is  narrower  than  the  depletion  region 
widths  Therefore,  the  dopant  profiles  establishing 
the  location  of  the  p/n  junction  have  to  be  tuned.  For 
p  on  n  heterojunctions  in  HgCdTe,  the  dopant  dif¬ 
fusion  coefficient  of  relevance  involves  almost  exclu¬ 
sively  the  acceptor  impurity.^  It  is  commonly  arsenic. 

EXPERIMENTAL  PROCEDURES 

The  procedures  followed  during  the  present  study 
were  generally  similar  to  the  methods  followed  dur¬ 
ing  an  earlier  study.®  Arsenic  doped,  uniform  thick¬ 
ness  and  specular  HgCdTe  films  were  grown  on 
HgCdTe  substrates  by  dipping  Hg-rich  LPE.  The 
growth  temperature  ranged  between  330  and  350°C, 
usually  staying  between  300  and  340''C  for  the  over¬ 
whelming  majority  of  the  runs  employed.  The  film 
thickness  varied  between  3  and  10  pm,  with  the 
majority  falling  between  4.5  and  9  pm.  The  substrate 
HgCdTe  thickness  ranged  between  10  and  70  pm. 
Unlike  the  arsenic-doped  cap  layers,  the  base  or  the 
substrate  layers  were  grown  by  dipping  Te-rich  LPE 
on  CdZnTe.  These  substrate  HgCdTe  layers  were 
either  undoped  or  for  double  layer  heterojunctions, 
doped  with  indium. 

Diffusion  annealing  of  sectioned  pieces  of  these 
films  was  performed  at  selected  temperatures  under 
constant  selected  Hg  partial  pressures  for  desired 
time  periods.  The  annealing  scheme  consisted  of  the 
following:  The  whole  heterojunction  film,  approxi¬ 
mately  2  X  3  cm  in  size,  was  sectioned  into  eight 
individual  pieces.  One  of  these  pieces  was  held  back  as 
an  'as-grown’  reference  piece  and  not  subjected  to  any 
further  treatment.  Each  of  the  other  seven  pieces  was 
subsequently  annealed  at  a  specific  'anneal’  tem¬ 
perature  under  a  constant  Hg  partial  pressure  within 
a  sealed  and  closed  ampoule  in  a  multi-zone  anneal¬ 
ing  furnace.  Here  the  desired  Hg  partial  pressure  was 
obtained  by  maintaining  the  Hg  reservoir  at  the 
required  'reservoir’  temperature  in  the  respective 


furnace  zone.  Note  that  the  'reservoir’  temperature  is 
different  and  lower  than  the  specimen  'anneal’  tem¬ 
perature.  Each  individual  piece  was  subjected  to  only 
one  specific  set  of  diffusion  annealing  conditions — a 
specific  temperature,  a  specific  Hg  partial  pressure,  a 
specific  len^h  of  time.  It  was  then  not  subjected  to 
any  additional  anneal  of  any  kind.  At  least  seven 
different  diffusion  experiments  were  possible  from 
each  heterojunction  film  grown.  Other  details  of  these 
processes  remained  similar  to  the  'diffusion  anneal’ 
methods  followed  during  the  earlier  investigation.® 
Approximately  72  heterojunction  films  were  grown 
for  these  experiments. 

The  resulting  As  profiles  were  measured  by  second¬ 
ary  ion  mass  spectrometry  (SIMS),  using  either  Cs+  or 
primary  ions,  employing  a  Cameca  3f  ion  mass 
spectrometer  (IMS).  The  compositional  profile  across 
the  heterostructure  was  determined  either  by  the 
i25Te  secondary  electronegative  ion  yield  during  SIMS 
where  a  Cs+  primary  ion  beam  was  used  or  by  directly 
determining  Cd  variation  when  primary  ions  were 

employed.  The  former  method  is  based  on  the  obser¬ 
vation  that  a  linear  relationship  exists  between  the 
ion  5deld  and  the  Cd  fraction.®  These  methods  re¬ 
mained  generally  similar  to  procedures  followed  dur¬ 
ing  the  earlier  investigations.®  Limit  of  detectability 
of  As  ranged  between  1  and  2  x  10^^  cm-®,  though  the 
precise  limit  depended  on  the  sputtering  rate. 

A  somewhat  different  annealing  sequence  was  fol¬ 
lowed  when  the  objective  was  to  study  diode  perfor¬ 
mances.  In  this  case,  the  specimens  were  subjected  to 
two  separate  annealing  treatments.  The  first  con¬ 
sisted  of  a  'junction  placement  anneal’  at  >350°C 
where,  unlike  the  conditions  discussed  above,  the 
respective  Hg  partial  pressures  were  not  held  fixed 
but  varied  in  a  controlled  sequence.  For  most  of  the 
duration  of  this  anneal,  the  mercury  overpressures 
employed  remained  not  only  lower  than  the  corre¬ 
sponding  mercury-saturated  limits  by  varying  de¬ 
grees,  but  were  also  far  removed  from  the  respective 
tellurium-saturated  limits.  During  the  final  step,  the 
mercury  pressure  employed  was  raised  to  equal  the 
magnitude  at  the  respective  Hg  saturated  limit  while 
the  temperature  was  still  maintained  at  >350°C. 
Other  details  of  the  process  remained  similar  to  the 
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junction  positioning  anneal  employed  during  the  ear¬ 
lier  investigation.®  The  second  annealing  treatment 
following  the  junction  placement  anneal  consisted  of 
anneals  between  230  and  270°C  under  mercury-satu¬ 
rated  conditions. 

RESULTS  AND  DISCUSSIONS 

Three  anneal  temperatures  were  investigated  dur¬ 
ing  the  present  investigations:  375,  400,  and  425°C. 
At  each  of  these  temperatures,  the  diffusion  anneals 
were  performed  at  selected  Hg  partial  pressures.  At 
each  selected  partial  pressure  for  each  temperature, 
the  reproducibility  of  the  diffusion  process  was  evalu¬ 
ated  by  performing  individual  anneal  experiments  for 
different  time  periods.  A  representative  partial  se¬ 
quence  can  be  observed  in  Fig.  1.  Here  the  As  profiles 
for  four  of  the  pieces  sectioned  from  the  same  double 
layer  film  following  specific  annealing  treatments  are 
displayed.  Figure  la  shows  the  as-grown  profile;  Fig. 
lb  the  profile  after  1  h  at  400°C  at  a  mercury  overpres¬ 
sure  of  0.61  atm;  Fig.  Ic  the  profile  after  4  h  at  the 
same  temperature  and  mercury  overpressure  with 
Fig.  Id  showing  the  profile  after  6  h  at  the  same 
temperature  and  mercury  overpressure.  The  solid 
lines  in  Figs,  lb,  Ic,  and  Id  indicate  the  best  fit 
possible  assuming  just  composition  independent 
Fickian  or  classical  diffusion.  Note  that  for  the  as- 
grown  section  (Fig.  la),  a  virtual  step  profile  in  As  was 
obtained,  with  negligible  diffusion  into  the  base  layer, 
providing  an  ideal  starting  point  for  subsequent  diffu¬ 
sion  anneals.  Furthermore,  for  the  cap  and  base  layer 
thicknesses  employed  during  these  investigations, 
the  diffusion  process  can  be  very  closely  approxi¬ 
mated  by  'diffusion  from  an  infinitely  thick  layer  into 
an  infinite  body'  since  both  of  these  layers  are  thick 
compared  to  the  magnitudes  of  the  diffusion  coeffi¬ 
cients  encountered  and  the  anneal  times  employed. 
The  diffusion  model  essentially  simplifies  to:®’^^^^ 

C(x,t)  =  ^^erfc[^],  (1) 

where  the  initial  concentrations  are  given  by: 

C(x,  0)  =  Cq  for  -  oo  <  X  <  0 

and  C(x,  0)  =  0  for  0  <  x  <  oo . 

Similar  to  the  methods  followed  during  the  earlier 
investigations,®  the  best  fits  to  the  experimental  pro¬ 
files  were  obtained  by  allowing  only  the  magnitudes 
of  the  diffusion  coefficients  to  vary  in  the  composition 
independent  diffusion  mechanism  described  above. 
As  apparent  from  Fig.  1,  the  quality  of  the  agreement 
between  the  experimental  data  and  the  predicted 
behavior  is  excellent  almost  to  the  SIMS  detectability 
limit — 1~2  X  10^®  cm-®.  Hence  each  of  these  fits  per¬ 
mits  a  measurement  of  the  respective  diffusion  coeffi¬ 
cient  corresponding  to  the  specific  diffusion  anneal 
experiment  performed.  These  magnitudes  differ 
slightly  from  experiment  to  experiment.  For  example, 
the  respective  magnitudes  of  the  diffusion  coefficients 
yielding  the  best  fits  with  the  experimental  profile 


results  vary  from  9.53  x  10-^®  cmVs  for  1  h  at  400°C 
(Fig.  lb)  to  9.36  X  10"^®  cmVs  for  4  h  at  400°C  (Fig.  Ic) 
to  9.97  X 10-1®  cmVs  for  6  h  at  400°C  (Fig.  Id).  All  these 
anneals  were  performed  under  a  mercury  overpres¬ 
sure  of  0.61  atm.  This  partial  pressure  is  within  the 
phase  field  at  this  temperature  and  removed  from 
both  the  Hg  saturated  limit  (1.90  atm)  and  the  Te 
saturated  limit  (7  x  10“®  atm).i® 

The  overwhelming  majority  of  the  results  collected 
during  these  investigations  was  obtained  following 
the  sequence  and  analysis  described  above.  The  re¬ 
sults  can  be  displayed  by  showing  the  diffusion  coef¬ 
ficients  estimated  from, each  As  concentration  profiles 
obtained  following  specific  anneal  steps.  Figure  2 
shows  the  measured  diffusion  coefficients  obtained 
during  the  present  investigations  at  375,  400,  and 
425^^0  as  functions  of  the  respective  mercury  over¬ 
pressures.  For  each  individual  anneal  temperature, 
the  diffusion  coefficients  decreased  with  decreasing 
Hg  pressure,  approximately  as  oc  l/Png^  where  Png,  is 
the  respective  Hg  overpressure.  This  is  similar  to  £he 
dependence  observed  during  the  earlier  investigation® 
at  a  lower  temperature.  The  conditions  employed 
during  these  measurements  (ranging  from  incorpora¬ 
tion  of  As  in  the  cap  layer  during  growth  from  a  Hg- 
rich  LPE  melt,  therefore  under  Hg-rich  conditions, 
but  at  <350°C,  to  the  performance  of  anneals  at 
higher  temperatures,  but  under  precisely  controlled 
Hg  overpressures)  need  to  be  carefully  considered  in 
any  comparison  with  literature  results.  A  very  large 
portion  of  the  results  reported  in  the  literature  was 
obtained  under  conditions  fundamentally  different 
from  those  followed  during  the  present  investiga¬ 
tions.  Among  the  few  areas  of  convergence,  where  a 
comparative  assessment  is  possible,  lie  the  diffusion 
data  obtained  by  other  workers  where  the  entire 
diffusion  experiments  were  performed  under  Hg  satu¬ 
rated  conditions  (these  could  be  compared  with  diffu¬ 
sion  coefficients  obtained  from  the  present  investiga¬ 
tions  at  the  respective  Hg-saturated  limits).  For  each 
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Fig.  2.  Dependence  of  the  diffusion  coefficient  of  arsenic  at  375, 400, 
and  425°C  in  mercury  cadmium  telluride  on  the  Hg  overpressure. 
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a  b  c 

Fig.  3.  (a)  Arsenic  concentration  profile  and  composition  profile  after  2  h  at  425°C;  Hg  overpressure:  1.51  atm;  the  solid  line  through  the  arsenic 
distribution  shows  the  best  fit  obtained  assuming  concentration  independent  Fickian  diffusion;  (b)  arsenic  concentration  profile  and  composition 
profile  after  4.5  h  at  425°C;  Hg  overpressure:  1.51  atm;  the  solid  line  through  the  arsenic  distribution  shows  the  best  fit  obtained  assuming 
concentration  independent  Fickian  diffusion;  (c)  arsenic  concentration  profile  and  composition  profile  after  5.5  h  at  425°C;  Hg  overpressure:  1 .51 
atm;  the  solid  line  through  the  arsenic  distribution  shows  the  best  fit  obtained  assuming  concentration  independent  Fickian  diffusion.  Respective 
as-grown  layer  compositions  as  determined  by  electron  microprobe  are  listed  in  Table  I. 


Table  I,  Results  from  the  Profile  Data  in  Fig.  3 


Specimen 
Set  in  Fig. 

(Temp.  °C) 

Mercury 

Overpressure 

(atm) 

Cap  Layer 
Composition 

Base  Layer 
Composition 
(XcaT.) 

Diffusion 

Coefficient 

(cmVs) 

a 

425 

1.51 

0.284 

0.222 

3.82  X  10-13 

b 

425 

1.51 

0.284 

0.222 

3.91  X 10-13 

c 

425 

1.51 

0.227 

0.224 

3.79  X 10-13 

one  of  the  temperature  regimes  studied  during  the 
present  investigations,  the  highest  Hg  partial  pres¬ 
sures  employed  corresponded  to  the  respective  Hg 
saturated  limits.  Diffusion  coefficients  measured  at 
these  limiting  pressures  from  the  results  displayed  in 
Fig.  2  agree  well  with  results  obtained  by  other 
workers  under  Hg  saturated  conditions. 

All  measurements  and  analysis  reported  above  cor¬ 
respond  to  double  layer  structures.  The  cap  layer 
composition  (the  CdTe  mole  fraction  in  Hg^_^Cd^Te) 
can  differ  significantly  from  that  of  the  base  layer 
composition.  This  variation  will  lead  to  a  composi¬ 
tional  gradient,  which  in  turn  will  result  in  a  lattice 
parameter  gradient,  since  no  attempts  were  made 
during  these  investigations  to  lattice  match  the  M  WIR 
cap  layers  with  LWIR  base  layers.  The  lattice  param¬ 
eter  gradient  will  lead  to  the  formation  of  misfit 
dislocations  with  a  density  proportional  to  the  lattice 
constant  gradient  under  the  present  conditions. 
The  latter  in  turn  will  be  directly  proportional  to  the 
compositional  gradient  in  this  case.  For  example,  an 
uniform  variation  from  a  composition  of  x  =  0.28  to  a 
composition  of  x  =  0.22  within  a  distance  of  5  pm  will 
lead  to  a  misfit  dislocation  density  of  5.7  x  10®  cm-^.i® 
During  the  present  investigations,  attempts  were 
made  to  assess  the  importance  of  these  dislocations  on 
the  arsenic  diffusion  coefficients  measured.  Diffusion 
anneals  were  performed  with  several  double  layers 
where  the  composition  of  the  cap  layer  was  main¬ 
tained  very  close  to  the  composition  of  the  base  layers. 
These  were  then  compared  with  diffusion  anneals 


performed  on  double  layers  where  the  two  composi¬ 
tions  differ  significantly.  Representative  results  from 
these  experiments  are  displayed  in  Fig.  3.  Figure  3a 
shows  the  arsenic  concentration  profile  and  the  com¬ 
position  profile  obtained  on  a  double  layer  where  the 
cap  composition  differs  significantly  from  the  base 
layer  composition  following  a  2  h  anneal  at  425°C  at 
a  mercury  overpressure  of  1.51  atm.  Determination  of 
the  compositional  profile  or  the  variation  of  the  CdTe 
mole  fraction  as  a  function  of  depth,  was  determined, 
as  discussed  above,  from  a  determination  of  the  Te- 
ion  yield  from  SIMS  results  when  using  a  Cs^  primary 
ion  beam.  A  linear  relationship  exists  between  this 
ion  yield  and  the  Cd  mole  fraction.®-^-^^  The  composi¬ 
tion  profile  in  Fig.  3a  has  been  displayed  after  normaliz¬ 
ing  the  Te"  signal  obtained  from  the  cap  layer  and  the 
interdiffused  region  between  the  cap  and  the  base 
layers  with  respect  to  the  signal  obtained  from  the 
base  layer.  The  compositions  of  both  the  cap  and  the 
base  layers  were  also  determined  independently  from 
cross  sections  of  the  reference  as-grown  piece  with 
quantitative  x-ray  analysis  in  a  scanning  electron 
microscope/electron  probe  microanalyzer  (SEM/ 
EPMA),  which  in  turn  were  calibrated  with  reference 
bulk  HgCdTe  standards.  These  results  are  displayed 
in  Table  I.  Note  that  for  the  specimen  displayed  in  Fig. 
3a,  the  composition  of  the  cap  layer  at  a  CdTe  mole 
fraction  of  0.284  ±  0.002  is  significantly  higher  than 
the  base  layer  composition  at  a  CdTe  mole  fraction  of 
0.222  ±  0.002.  Figure  3b  shows  the  arsenic  concentra¬ 
tion  profile  and  the  composition  profile  measured  in 
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another  piece  from  this  same  double  layer  structure 
following  an  anneal  of  4.5  h  at  425°C  under  the  same 
mercury  overpressure  of  1.51  atm.  Figure  3c  shows 
the  arsenic  concentration  profile  and  the  composition 
profile  from  a  separate  double  layer  structure  after  an 
anneal  of  5.5  h  at  425°C  under  the  same  mercury 
overpressure  of  1.51  atm.  In  this  case,  however,  the 
composition  of  the  cap  layer  differed  little  from  that  of 
the  base  layer  (Table  I).  The  solid  lines  displayed 
depict  the  best  fits  possible  using  the  composition 
independent  Fickian  diffusion  model  described  above 
[Eq.  (1)],  where  the  magnitude  of  the  diffusion  coeffi¬ 
cient  was  the  only  parameter  allowed  to  be  varied  in 
obtaining  the  fit.  As  discussed  above,  this  method 
permits  an  estimation  of  the  diffusion  coefficient.  The 
magnitudes  of  the  estimated  diffusion  coefficients 
change  very  little  for  these  fits  to  the  experimental 
profiles — from  3.82  x  10“^^  cmVs  for  2  h  at  425°C  (Fig. 
3a),  to  3.91  X 10"^^  cmVs  for  4.5  h  at  425°C  (Fig.  3b),  to 
3.79  X  10~i^  cmVs  for  5.5  h  at  425^C  (Fig.  3c).  The  first 
two  magnitudes  obtained  for  a  double  layer  structure 
with  significant  compositional  difference  between  the 
cap  and  the  base  layer  (0.284  ±  0.002  vs  0.222  ±  0.002) 
differ  little  from  the  magnitude  obtained  for  a  double 
layer  structure  where  the  compositional  difference 
between  the  cap  and  the  base  layer  is  virtually  non¬ 
existent  (0.227  ±  0.002  vs  0.224  ±  0.002).  All  these 
diffusion  coefficients,  as  indicated  (Table  I),  were 
estimated  under  a  mercury  overpressure  of  1.51  atm, 
which  is  removed  from  both  the  Hg  saturated  limit 
(2.7  atm)  and  the  Te  saturated  limit  (1.2  x  10“^ 
atmosphere)  at  this  temperature.^^  Even  with  more 
than  10  X  decrease  in  the  compositional  gradient,  the 
diffusion  coefficient  estimated  is  not  influenced  in 
any  measurably  significant  manner.  The  expected 
misfit  dislocation  density,  within  limits,  can  be  esti¬ 
mated  reasonably  reliably  from  the  results  and  basic 
relationships  provided  by  Szilagyi  et.  al.^®  The  total 
compositional  change  displayed  for  all  profiles  in  Fig. 
3  occurs  approximately  over  2.5-3. 5  |im.  The  pre¬ 
dicted  misfit  dislocation  density  would  vary  from  a 
lower  limit  of  6  x  10®  to  an  upper  limit  of  2  x  10'^  cm"^  for 
the  profiles  displayed  in  Figs.  3a  and  3b,  whereas  it 
would  vary  from  a  lower  limit  of  0  (no  misfit,  hence  no 
misfit  dislocation  density)  to  an  upper  limit  of  5  x  10® 
cm"2  for  the  profile  displayed  in  Fig.  3c.  This  very 
large  variation  in  both  the  measured  compositional 
variation  and  the  expected  misfit  dislocation  density 
do  not  appear  to  be  influencing  the  estimated  diffu¬ 
sion  coefficients  measured. 

Diffusion  coefficients  were  measured  over  a  range 
of  mercury  pressures  following  these  procedures.  As 
indicated  above.  Fig.  2  shows  the  results  obtained  at 
375,  400,  and  425°C.  With  mercury  pressures  de¬ 
creasing  below  the  range  displayed  in  Fig.  2,  the 
arsenic  diffusion  behavior  began  to  change.  This  is 
most  apparent  at  400  and  425°C,  as  displayed  in  Fig. 
4.  With  mercury  pressure  decreasing  from  the  mer¬ 
cury  saturated  limits,  the  relationship  between  the 
estimated  diffusion  coefficients  and  the  mercury 
overpressures  changed  progressively  from  a  -1/Pjjg® 


type  of  dependence  to  an  apparently  simple  '^l/Png 
type  of  dependence.  At  400°C,  the  dependence 

is  approximately  followed  between  theHg-saturated 
limit  of  1.9  atm  and  -0.5  atm,  and  then  gradually 
transitioning  to  an  approximately  1/Pjjg  dependence 
between  -0.5  and  -0.2  atm.  The  1/Pjjg  dependence 
appears  fully  developed  between  -0.2  and  0.06  atm.  A 
basically  similar  trend  is  observed  for  425°C,  with  the 
transition  to  the  1/Pjjg  dependence  apparently  com¬ 
pleted  at  the  slightly  higher  pressure  of  -0.4  atm. 
Here,  too,  the  l/Png  dependence  appears  fully  devel¬ 
oped  between  -0.4  and  0,06  atm. 

For  the  mercury  pressure  regimes  displayed  in  Fig. 
4,  the  diffusion  behavior  could  still  be  described  very 
well  by  a  simple  concentration  independent  Fickian 
diffusion  model  [Eq.  (1)].  With  continued  decrease  of 
the  mercury  overpressure  below  the  limit  displayed 
in  Fig.  4,  however,  the  concentration  profiles  could  no 
longer  be  described  by  this  simple  model.  Even  for  a 
partial  pressure  of  0.03  atm,  the  concentration  pro¬ 
files  deviated  significantly  from  the  concentration 
independent  model.  These  profiles  resembled  strongly 
the  profile  obtained  at  a  mercury  overpressure  of  0. 11 
atm  at  350°C  and  displayed  earlier  (Fig.  3  in  Ref.  8). 
These  correspond  somewhat  more  appropriately  to  a 
multi-component  diffusion  behavior.  Approximate 
general  overpressure  ranges  below  which  the  concen¬ 
tration  profiles  begin  to  deviate  significantly  from  a 
simple  concentration  independent  Fickian  diffusion 
model  can  be  determined  from  these  results.  When 
combined  with  trends  observed  during  the  earlier 
investigation,®  the  respective  limits  appear  to  de¬ 
crease  with  increasing  temperature  (being  at  -  0.11 
atm  for  350°C®  and  decreasing  to  -0.06  atm  at  400  and 
425°C  as  described  above). 

We  now  consider  only  the  mercury  partial  pressure 
regimes  where  the  diffusion  behavior  of  arsenic  can  be 
well  described  by  the  simple  concentration  indepen¬ 
dent  model  [Eq.  (1)].  These  ranges  are  displayed  in 
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Fig.  4.  Dependence  of  the  diffusion  coefficient  of  arsenic  at  400  and 
425°C  in  mercury  cadmium  telluride  on  the  Hg  overpressure. 
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Fig.  4.  The  behavior  at  mercury  pressure  regimes 
below  the  limits  (-0,06  atm)  displayed  in  Fig.  4 
deviates  from  this  simple  model,  as  discussed  above, 
and  therefore  will  not  be  addressed  during  the  present 
investigations. 

Following  the  basic  description  of  arsenic  transport 
developed  during  the  earlier  investigation,^  we  make 
the  reasonable  simplifying  assumptions: 

•  As  grown  from  the  Hg-rich  melt  and  therefore 
under  Hg-saturated  conditions,  the  arsenic  at¬ 
oms  occupy  sites  in  the  chalcogen  sublattice 
(As^^).  These  are  in  equilibrium  with  both  the  Hg 
vacancies  (Vjj )  and  the  Te  vacancies 

•  Assuming  only  vacancy  driven  substitutional 

diffusion,  arsenic  will  transport  almost  exclu¬ 
sively  by  employing  vacancies  in  the  metal 
sublattice,  since  Correspondingly, 

only  arsenic  ‘dissolved’  in  the  metal  sublattice 
will  participate  in  the  transport. 

•  Hence  for  the  ‘total’  arsenic’  which  can  reside 
either  in  the  chalcogen  or  the  metal  sublattice 
sites,  determined  by  the  respective  defect  equi¬ 
libria,  the  effective  ‘total’  diffusion  coefficient 

can  be  postulated  to  be  proportional  to  the 
vacancy  driven  substitutional  diffusion  coeffi¬ 
cient  active  for  arsenic  on  the  metal  sublattice 
sites  normalized  by  the  concentration  of 

the  arsenic  atoms  on  the  metal  sublattice  sites 
(AshP- 

Here  [Asjj^]  is  the  concentration  of  the  dominant 
mobile  species.  Similar  cases  have  been  analyzed  by 
Stevenson!^  and  Tuck.^^  Note  that  the  nature  of  the 
diffusion  mechanism  considered  here  is  purely  va¬ 
cancy  driven  substitutional  diffusion  (no  other  en¬ 
hanced  ‘defect’  driven  diffusion  coefficient,  as  postu¬ 
lated  by  some  workers)^^  was  invoked.  Furthermore, 
existence  of  nonsubstitutional  diffusion  mechanisms 
(for  example  an  interstitial  diffusion  component)  was 
ignored. 

The  quasi-chemical  or  ‘defect’  equilibria  reactions 
of  relevance  can  be  expressed  as: 

Astc  +  Vgg  =  Asjjg  +  (2) 

VTe  +  VH,=  0  (3) 

Adding  Eq.  (2)  and  Eq.  (3)  yields: 

AStc  +  2Vjjg  =  As^g  (4) 

The  respective  equilibrium  constant  can  be  expressed 
as: 


K  =_KiL 


(5) 


As  assumed,  initially  the  overwhelming  majority  of 
the  arsenic  atoms  in  the  films  as  grown  under  Hg- 
saturated  conditions  would  occupy  sites  in  the  chalco¬ 
gen  sublattice  (As^^).  This  can  be  expressed  in  terms 
of  a  simple  inequality 


[Asjjg]  «  [As^J  (6) 


Consider  the  mercury  pressure  regime  near  the  Hg- 
saturated  limit  where  this  inequality  is  still  valid. 
Since  most  of  the  arsenic  will  reside  in  the  chalcogen 
sublattice,  the  concentration  [As^^]  will  remain  in¬ 
variant  within  this  regime.  Combining  Eq.  (5)  with 
the  inequality  [Eq.  (6)],  it  is  possible  to  express: 

[Asng]  oc  [V^g]2  (7) 

The  ‘total’  arsenic  diffusion  coefficient  (D^^^)  as  dis¬ 
cussed  above,  and  similar  to  cases  analyzed  by  other 
workers, will  be  expressed  by  the  vacancy  driven 
substitutional  diffiusion  coefficient  for  arsenic  atoms 
on  the  metal  sublattice  sites  (D^s^)  normalized  by  the 
concentration  of  arsenic  atoms  on  the  metal  sublattice 
sites  ([Asjjg]).  This  is  equivalent  to  expressing: 

D"asC<[Ash,]-(Dh.J  (8) 

where  the  relationship  between  the  vacancy  driven 
substitutional  diffusion  coefficient  and  the  vacancy 
concentration  can  be  expressed  simply  as: 

-  [Vh,]  (9) 

Equations  (7),  (8),  and  (9)  can  be  combined  to  yield: 

(10) 

For  the  Hg^_^Cd^Te  alloys  with  x  =  0.2,  the  vacancy 
concentration  within  the  150  to  655°C  temperature 
range  can  be  approximated  as:^^'^^ 

1 

Ph,  (11) 

From  Eq.  (10)  and  (11): 

(12) 

Figure  2  depicts  the  mercury  pressure  regimes  at 
375,  400,  and  425°C  where  this  dependence  is  ap¬ 
proximately  obeyed.  Consistent  with  the  description 
above,  the  pressure  ranges  are  close  to  the  respective 
Hg-saturated  limits  at  each  temperature.  Each  pres¬ 
sure  regime  appears  to  be  spread  less  than  10  x  away 
from  the  Hg-saturated  ends.  Agreement  between  the 
experimental  results  and  Eq.  (12)  also  implies  the 
validity  of  the  inequality  [Eq.(6)]  within  these  pres¬ 
sure  regimes. 

With  continued  decrease  in  the  mercury  over¬ 
pressure  from  these  ranges,  the  inequality  [Eq.  (6)] 
will  become  progressively  invalid.  This  can  be  directly 
observed  from  Eq.  (5)  where  it  is  evident  that  the  ratio 
[ASjjg]/[As^J  increases  with  the  increasing  Hg  va¬ 
cancy  concentration  as  oc  [Vjj  ]^.  Two  limiting  ranges 
will,  therefore,  be  established: 

•  for  low  Hg  vacancy  concentrations  or  for  high 
mercury  overpressures,  most  of  the  arsenic  will 
stay  on  the  chalcogen  sublattice  and  the  behavior 
indicated  by  Eq.  (12)  will  be  observed; 

•  with  continued  increase  in  the  Hg  vacancy  con¬ 
centration  or  with  decreasing  mercury  overpres¬ 
sure,  however,  a  progressive  transfer  of  arsenic 
to  the  metal  sublattice  will  occur,  leading  to 
increasing  [Asjjg],  until  a  stage  is  reached  where 
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[Asjjg]  will  change  relatively  little  with  further 
increase  in  the  Hg  vacancy  concentration  or  with 
decreasing  mercury  overpressure.  For  this  limit, 
it  is  possible  to  approximate  Eq.  (8)  as: 

D"a«°c[Ash,]-[D%]-[Dh.J  (13) 

Combining  Eqs.  (13),  (9),  and  (11)  yields: 

(14) 

Figure  4  displays  the  dependence  of  measured  dif¬ 
fusion  coefficients  at  400  and  425°C  on  mercury  par¬ 
tial  pressures,  with  both  the  limiting  conditions  dis¬ 
tinguishable.  For  higher  mercury  overpressures,  Eq. 
(12)  appears  to  approximate  the  experimental  depen¬ 
dence,  but  with  decreasing  Hg  pressures  Eq.  (14) 
becomes  clearly  prevalent. 

The  progression  from  a  Png"^  dependence  to  a  Png"^ 
dependence  with  decreasing  mercury  overpressure 
is,  therefore,  consistent  with  the  basic  schematic 
description  of  arsenic  transport  developed  above.  An 
important  requirement  for  the  applicability  of  this 
scheme  would  be  the  validity  of  Eq.  (11).  As  indicated 
above,  results  obtained  by  Vydyanath  et  al.^^’^^  appear 
to  strongly  support  this  relationship  for  Hg^  gCd^  gTe. 
The  validity  of  this  equation  also  means  that  the 
crystals  would  be  intrinsic  over  the  temperature  and 
pressure  ranges  employed  during  these  investiga¬ 
tions.  For  Hgj_^Cd^Te  with  x  >  0.4  however,  Eq.  (11) 
may  no  longer  be  valid.^^  For  these  compositions,  the 
dependence  of  arsenic  diffusion  coefficients  on  mer¬ 
cury  partial  pressures  may,  therefore,  become  more 
complex.  During  the  present  investigations,  the  high¬ 
est  magnitudes  of  x,  even  for  the  cap  layers,  remained 
much  lower:  <  0.3.  Within  this  range,  as  discussed 
above,  the  diffusion  behavior  appears  to  be  indepen¬ 
dent  of  composition.  Therefore,  Eq.  (11)  appears  to  be 
valid  over  the  whole  range  of  compositions  studied, 
leading  in  turn  to  the  applicability  of  Eq.  (12)  and  Eq. 
(14)  over  the  regimes  of  high  and  low  mercury  over¬ 
pressures  respectively  (Fig.  2  and  Fig.  4). 

Activity  of  arsenic:  When  grown  from  the  Hg-rich 
nutrient  melt  by  dipping  LPE,  arsenic  is  already 
100%  active  as  an  acceptor.  The  arsenic  atoms  are 
located  almost  exclusively  in  the  Te  sublattice,  equiva¬ 
lently  described  by  the  inequality  [Eq.  (6)].  No  activa¬ 
tion  or  site  transfer  anneal  of  any  kind  would  be 
necessary  for  the  exclusive  purpose  of  restoring  or 
attaining  the  activation  of  arsenic  as  an  acceptor. 
However,  when  annealed  under  decreasing  mercury 
pressures,  progressive  deactivation  of  arsenic  must 
occur.  This  activity  can  subsequently  be  restored  by 
mercury-saturated  anneals.®’^^’^^  For  mercury-defi¬ 
cient  anneals  near  the  respective  mercury-saturated 
ends,  defined  approximately  by  the  inequality  ([Eq. 
6)]  above,  earlier  results  appeared  to  indicate  the 
adequacy  of  mercury-saturated  anneal  at  270°C  in 
restoring  the  activity  of  arsenic.®  With  continued 
decrease  in  the  mercury  overpressure,  arsenic  activa¬ 
tion  would  also  continue  to  decrease.  Restoration  of 
the  activity  may  then  require  mercury-saturated  an¬ 
neals  at  increasingly  higher  temperatures. 


During  the  present  investigations,  preliminary  at¬ 
tempts  were  continued  to  assess  the  selectivity  in 
locating  the  p-n  junction  with  respect  to  the  composi¬ 
tional  profile  available  from  the  diffusion  results 
displayed  in  Fig.  2  and  Fig.  4.  If  the  p-n  junction  is 
positioned  such  that  the  extent  of  the  graded  band  gap 
region  is  wider  than  the  depletion  region  width,  a 
valence  band  barrier  to  the  transport  of  minority 
carriers  across  the  junction  would  form.^  The  height 
and  width  of  the  barrier  depend  on  the  compositional 
grading  width,  the  difference  in  composition  across 
the  heterojunction  (Ax),  the  p-n  junction  location 
relative  to  the  heterojunction,  and  the  n-side  deple¬ 
tion  width,  which  is  related  to  the  carrier  concentra¬ 
tion  on  the  n-side  and  the  junction  voltage.  Diodes 
exhibiting  low  quantum  efficiencies  with  significant 
bias  and  temperature  dependencies  can  be  deemed  to 
have  barriers.  Long  wavelength  infrared  diodes  dis¬ 
playing  unusually  large  magnitudes  of  R^A  have  also 
been  associated  with  valence  band  barriers.®  Valence 
band  barriers  have  been  observed  in  photodiodes 
when  one  or  more  of  the  above  parameters  lead  to  the 
location  of  the  p-n  junction  such  that  the  resulting  n- 
side  depletion  width  becomes  narrower  than  the 
graded  band  gap  region.®  ^^  For  VLWIR  systems,  for 
example,  with  base  layer  cutoffs  >12  |im  at  80K, 
valence  band  barriers  have  been  observed  for 
heterojunctions  when  the  base  layer  dopant  level  and 
the  compositional  difference  (Ax)  at  the  heterojunction 
simultaneously  exceeded  1.5  x  10^^  cm-®  and  0.06, 
respectively.^^ 

Once  a  barrier  has  been  formed,  it  would  be  im¬ 
possible  to  eliminate  it  by  annealing  under  Hg-satu- 
rated  conditions,  since  the  compositional  junction 
would  always  widen  at  a  faster  rate  than  the  move¬ 
ment  of  the  p-n  junction.®  The  movement  of  the  p-n 
junction  is  controlled  almost  exclusively  by  the  trans¬ 
port  coefficients  of  arsenic.®  Preliminary  results  ob¬ 
tained  during  this  investigation  extend  our  earlier 


Duration  of  Anneal  (Hours) 

Fig.  5.  Dependence  of  RqA  and  quantum  efficiency  for  double  layer 
heterojunction  specimens  on  the  duration  of  anneal  at  375°C  under 
mercury-saturated  conditions. 
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observations.  Valence  band  barriers  are  introduced 
by  mercury  saturated  anneals,  but  can  be  eliminated 
by  suitable  mercvuy  deficient  anneals.  With  decreasing 
mercury  overpressures,  compositional  interdiffusion 
coefficients  decrease, 2®  exactly  opposite  to  the  trends 
for  arsenic. 

Figure  5  shows  the  progressive  change  in  the  mag¬ 
nitudes  of  RjA  and  quantum  efficiency  for  double 
layer  heterojunction  specimens  annealed  at  375°C 
under  Hg-saturated  conditions  (mercury  partial  pres¬ 
sure  at  1.27  atm)  for  0.5, 1.0,  and  2.0  h,  respectively. 
All  specimens  were  sectioned  from  the  same  large 
double  layer  film.  Following  each  anneal,  the  indi¬ 
vidual  specimens  were  stoichiometrically  adjusted  by 
a  low  temperature  mercury  saturated  anneal  at  250°C 
to  reduce  the  Hg  vacancy  concentration  below  5  x  10^® 
cm-®.  The  increased  steadily  from  between  600- 
1000  ohm-cm®  to  >5  x  10^  ohm-cm®.  Quantum  effi¬ 
ciency  continued  to  decrease  with  increasing  duration 
of  anneal  at  375°C,  falling  from  ~50%  for  the  0.5  h 
point  to  <  10%  for  the  2  h  point. 


Fig.  6.  Dependence  of  R^A  and  quantum  efficiency  for  three  speci¬ 
mens  sectioned  from  the  same  double  layer  heterojunction  on  se¬ 
lected  annealing  treatments  as  described  in  the  text. _ 


Figure  6  displays  the  corresponding  results  for 
double  layer  heterojunctions  where  one  of  the  speci¬ 
mens  was  processed  by  the  junction  placement  an¬ 
neal’  described  above.  This  anneal  was  performed 
under  mercury  ‘deficient’  conditions  or  with  mercury 
overpressures  less  than  the  mercury  saturated  limits 
for  most  of  the  duration  of  the  anneal  at  temperatures 
>350  C.  The  mercury  overpressures  employed  were 
varied  sequentially  during  the  duration  of  the  anneal 
with  the  final  step  consisting  of  a  mercury-saturated 
anneal.  This  last  procedure  restored  the  activity  of 
arsenic.  Figure  6  displays  the  R^A  and  the  quantum 
efficiency  (QE)  for  three  specimens  sectioned  from  the 
same  double  layer  film.  Specimen  1  was  not  subjected 
to  any  junction  placement  anneal,  but  only  to  a  low 
temperature  (250°C)  stoichiometric  adjustment  an¬ 
neal  under  mercury-saturated  condition  for  24  h. 
Specimen  2  was  subjected  to  a  mercury-saturated 
anneal  for  90  min  at  375°C  followed  by  the  low 
temperatme  stoichiometric  adjustment  anneal.  Speci¬ 
men  3  was  subjected  to  a  ‘junction  placement  anneal’ 
followed  by  the  low  temperature  merciuy-saturated 
stoichiometric  adjustment  anneal.  R,^  varied  from 
between  1500  and  2000  ohm-cm®  for  specimen  1  to 
>42000  ohm-cm®  for  specimen  2  to  between  850  and 
900  ohm-cm®  for  specimen  3.  Corresponding  quantum 
efficiency  measurements  yielded  ~48%  for  specimen 
1,  <10%  for  specimen  2,  and  ~60%  for  specimen  3.  The 
base  layer  cutoff  was  measured  at  9.94  pm  at  80K.  No 
anti-reflection  coating  was  employed.  For  specimen  3, 
the  quantum  efficiency  was  also  measured  as  a  func¬ 
tion  of  increasing  reverse  bias.  No  dependence  was 
noted.  Hence,  it  can  be  concluded  that  specimen  1, 
characteristic  of  the  as-grown  material,  displayed  a 
small  valence  band  barrier,  which  subsequently  in¬ 
creased  upon  annealing  under  mercury-saturated 
conditions  at  375°C  (specimen  2)  but  which  was  elimi¬ 
nated  by  the  junction  placement  anneal  (specimen  3). 

Figure  7  shows  the  current-voltage  (I-V)  and  dy¬ 
namic  impedance  area-voltage  (RA-V)  behavior  for 
three  representative  diodes  from  three  different  double 
layer  heterojuction  (DLHJ)  films  subjected  to  the 
junction  placement  anneal.  The  device  dark  currents 
are  diffusion  limited  and  the  RA  products  reach  mag¬ 
nitudes  close  to  1 X 10®  ohm-cm®  for  an  applied  reverse 
bias  between  40  and  60  mV  even  for  a  base  layer  cutoff 


Bias  Voltage 

a 


Fig  7  (a)  Typical  RA-V  and  I-V  characteristics  for  a  test  diode  built  on  a  9.0  pm  (at  78K)  cutoff  mercury  cadmium  telluride  DLHJ  film;  (b)  typical 
RA-V  and  I-V  characteristics  for  a  test  diode  built  on  a  9.5  pm  (at  78K)  cutoff  mercury  cadmium  telluride  DLHJ  film;  (c)  typical  RA-V  and  I-V 
characteristics  tor  a  test  diode  built  on  a  10.8  pm  (at  78K)  cutoff  mercury  cadmium  telluride  DLHJ  film. 
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Fig.  8.  Dependence  of  RqA  for  sets  of  sister  specimens  sectioned  from 
five  DLHJ  films  on  selected  annealing  treatments  as  described  in  the 
text. 

of  10.8  |am  at  80K  The  device  leakage  currents  contin¬ 
ued  to  be  lower  than  50  |liA  cm-^  at  a  reverse  bias  of  50 
mV  and  independent  of  bias  up  to  a  reverse  bias  of  300 
mV. 

As  indicated  above,  with  decreasing  mercury  pres¬ 
sure,  the  compositional  interdiffusion  coefficients 
decrease, opposite  to  the  trend  observed  for  arsenic 
as  displayed  in  Fig.  2  and  Fig.  4.  Furthermore,  the 
variation  with  Hg  pressure  is  much  weaker  for  inter¬ 
diffusion  coefficients  compared  to  the  strong  depen¬ 
dence  observed  for  arsenic.  As  a  result,  mercury- 
deficient  anneals  can  include  sequences  beyond  the 
‘junction  positioning  anneals’  discussed  above.  When 
deliberately  continued  longer  than  optimum,  these 
anneals  can  degrade  the  performance  of  a  hetero¬ 
junction.  Figure  8  shows  the  R^A  products  for  two  sets 
of  five  specimens  each  as  a  function  of  cutoff.  The  first 
set  (A)  consists  of  samples  sectioned  from  five  indi¬ 
vidual  DLHJ  films.  The  second  set  (B)  consists  of 
specimens  sectioned  from  the  same  five  heterojunction 
films.  Set  A  was  subjected  to  the  optimum  ‘junction 
positioning  anneal’,  whereas  the  sister  samples  in  set 
B  were  subjected  to  a  mercury-deficient  anneal  ap¬ 
proximately  2  X  longer.  The  RqA  magnitudes  mea¬ 
sured  for  diodes  fabricated  on  set  A  specimens  appear 
to  be  approximately  5  x  superior.  Hence,  even  when 
comparing  performances  on  sister  specimens  sec¬ 
tioned  from  the  same  heterojunction  film,  thus  elimi¬ 
nating  film  to  film  variation,  tuning  of  mercury- 
deficient  anneals  will  be  important. 

Figure  9  shows  representative  diode  performances 
at  78K  under  0°  field  of  view  (FOV)  for  double  layer 
films  with  cutoffs  between  9  and  13  pm  subjected  to 
optimum  junction  placement  anneals.  No  valence 
band  barriers  were  observed,  as  determined  by  the 
bias  dependence  of  the  quantum  efficiency  on  selected 
films.  The  measured  quantum  efficiency  varied  be¬ 


depicts  an  Idealized  performance  behavior  with  a  base  layer  dopant 
density  of  3x10^®  cm^  and  Auger-limited  minority  carrier  lifetime.^ 


tween  55  and  60%  from  specimen  to  specimen,  with¬ 
out  the  use  of  any  anti-reflection  coating,  and  re- 
mainedinvariantwithincreasingreversebias.  Useofmer- 
cury-deficient  junction  placement  anneals  has  been 
extended  to  the  near  VLWIR  (cutoff  at  ~11  pm)  or 
VLWIR  (cutoffs  >T2  pm)  range  during  this  investiga¬ 
tion.  Increasing  incidence  of  valence  band  barriers  within 
these  ranges  has  been  reported  by  other  workers.^ 

CONCLUSION 

When  introduced  during  liquid  phase  epitaxy 
growth,  arsenic  diffusion  behavior  in  mercury  cad¬ 
mium  telluride  remains  concentration  independent 
and  simple  classical  for  mercury  overpressures  near 
the  mercury-saturated  limits.  The  diffusion  coeffi¬ 
cients  measured  increase  strongly  with  decreasing 
mercury  pressures.  The  basic  dependence  on  the 
mercury  overpressures  can  be  interpreted  relatively 
simply  and  appears  similar  over  a  wide  temperature 
range.  The  enhanced  arsenic  diffusion  with  decreas¬ 
ing  mercury  pressures  can  be  successfully  employed 
to  tune  double  layer  heterojunction  performance  pa¬ 
rameters. 
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Temperature  and  time  dependent  Hg-annealing  studies  for  arsenic  activation 
have  been  carried  out  on  As-doped  molecular  beam  epitaxy  HgCdTe  either  in  situ 
or  by  ion  implantation  to  determine  the  extent  of  arsenic  activation  in  the  single 
layer.  Enhanced  As  diffusion  and  activation  in  double  layer  heterostructures 
have  also  been  investigated  to  further  our  understanding  of  the  effects  on  zero 
bias  resistance-area  product  (RqA)  and  quantum  efficiency.  The  results  show 
that  the  arsenic  activation  anneal  is  limited  by  Hg  self-diffusion  into  the  HgCdTe 
epilayer.  Using  this  arsenic  activation  process  for  either  in  situ  doped  arsenic  or 
implanted  arsenic,  high  performance  p-on-n  double  layer  heterostructure  pho¬ 
todiodes  have  been  demonstrated  on  both  mesa  and  planar  device  structures. 

Key  words:  As,  diffusion,  HgCdTe,  infrared  detectors 


INTRODUCTION 

The  use  of  Group  V  elements  (N,  P,  As,  and  Sb)  as 
p-type  dopants  in  HgCdTe  heterojunction  structures 
has  led  to  a  renewed  interest  in  p-type  doping  studies 
by  liquid  phase  epitaxy  (LPE),^  metalorganic  vapor 
phase  epitaxy  (MOVPE),^  and  molecular  beam  epit¬ 
axy  (MBE).^’^  In  the  case  of  MBE-grown  double  layer 
heterojunction  (DLHJ)  devices,  reliable  and  control¬ 
lable  high  carrier  concentration  p-type  doping  is  now 
key  to  meeting  the  technical  needs  for  fabrication  of 
long  wavelength  infrared  (LWIR)  focal  plane  arrays 
(FPAs).  In  this  study,  we  have  investigated  As-doping 
of  HgCdTe  through  the  incorporation  of  arsenic 
during  low  temperature  MBE  growth  and  via  ion 
implantation  into  DLHJ  HgCdTe  layers. 

Previous  attempts^-^  at  As-doping  of  HgCdTe  by 
MBE  resulted  in  n-type  behavior,  despite  significant 
incorporation  of  As  into  these  layers  observed  using 
secondary  ion  mass  spectroscopy  (SIMS),  with  As 
concentrations  ranging  from  1.4  x  10^'^  to  4.0  x  10^®  cm“^. 
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All  as-grown  samples  exhibited  n-type  conductivity 
with  electron  concentrations  measured  by  Hall  effect 
ranging  from  1.7  x  10^^  to  2.2  x  10^^  cm-^.  Hall  mobility 
is  closer  to  two  orders  of  magnitude  below  that  of  In- 
doped  n-type  HgCdTe  (i.e.  500-1100  vs  --1  x  10^  cmV 
V.s).®  The  electron  carrier  concentration  of  as-grown 
arsenic  doped  n-type  HgCdTe  layers  also  increased 
with  As  flux  for  layers  grown  at  the  same  tempera¬ 
ture.^  The  arsenic  is  not  electrically  active  and  the 
material  is  highly  resistive.  Amphoteric  behavior  is  a 
possible  explanation  for  this  behavior.  The  high  resis¬ 
tivity  due  to  low  electron  mobility  of  the  as-grown 
layer  indicates  compensation  of  arsenic  acceptors  by 
arsenic  donors.  Another  potential  proposition  is  poor 
crystallinity  of  the  layers  due  to  arsenic  precipitates'^ 
at  growth  temperatures  below  160°C. 

Last  year,  we  reported  the  first  p-type  conversion  of 
in  situ  As-doped  MBE  alloy  HgCdTe.^  The  arsenic 
activation  was  achieved  by  post-growth  thermal  an¬ 
nealing  above  425°C  under  saturated  Hg  partial  pres¬ 
sure,  followed  by  250'^C  low  temperature  annealing 
under  Hg-rich  ambient.  This  result  is  consistent  with 
the  results  observed  on  another  Group  V  element, 
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Fig.  1 .  A  typical  temperature-time  profile  used  in  the  arsenic  activation 
anneal  experiments. 


phosphorus-doped  bulk  HgCdTe  by  Vydyanath  et  al.® 
They  observed  that  the  hole  concentration  in  the 
phosphorus  doped  samples  increases  with  increasing 
partial  pressure  of  Hg,  in  contrast  to  the  behavior 
observed  in  undoped  HgCdTe.  They  also  suggested 
that  phosphorus  behaves  amphoterically  in  HgCdTe, 
acting  as  a  single  acceptor  occupjdng  interstitial  and 
Te  lattice  sites  at  high  Hg  pressure,  and  as  a  single 
donor  occupying  Hg  lattice  sites  at  low  Hg  pressure. 

In  this  paper,  we  describe  the  effect  of  varying  the 
Hg  annealing  conditions  to  shed  more  light  on  arsenic 
doping  mechanisms  in  HgCdTe.  The  samples  were 
grown  by  MBE  at  T  <  160°C  for  As-doped  single  layers, 
and  at  ~195°C  for  heterojunction  double  layers.  In  the 
case  of  DLHJ,  arsenic  was  incorporated  either  during 
the  low  160°C  temperature  MBE  growth  or  post 
growth  ion  implantation  process.  The  hole  carrier 
concentrations  have  been  measured  as  functions  of 
Hg  anneal  temperature  and  time  to  determine  the 
extent  of  arsenic  activation  in  the  As-doped  HgCdTe 
single  layers  and  compared  to  the  SIMS  profile  analy¬ 
sis.  Since  high  temperature  Hg  annealing  also  inter- 
diffuses  Cd  and  Hg  at  the  heterojunction  (HJ)  inter¬ 
face,  the  effect  of  changing  the  Hg  annealing  process¬ 
ing  conditions  of  p-on-n  LWIR  HgCdTe  hetero¬ 
structures  has  been  studied  to  further  our  under¬ 
standing  of  the  effect  on  R^A  and  quantum  efficiency. 
Furthermore,  specified  conditions  of  the  As  activation 
anneal  may  result  in  an  improvement  in  device  per¬ 
formance,  and  may  also  provide  further  insight  into 
the  criteria  of  the  optimum  p/n  junction  in  terms  of 
cap  layer  thickness  and  composition  when  arsenic  is 
used  as  the  capping  layer  dopant. 

EXPERIMENTAL 

The  open-tube  annealing  furnace  used  in  these 
experiments  was  a  vertical  LPE  furnace  modified  for 
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high  temperature  annealing,  operating  at  hydrogen 
over  pressures  of  up  to  150  psi.  Since  a  Hg  anneal  in 
a  closed  quartz  ampoule  above  410°C  can  degrade  the 
HgCdTe  sample,  a  high  pressure  open-tube  anneal¬ 
ing  process  has  been  developed  for  high  temperature 
As  activation  as  well  as  for  diffusion.  This  annealing 
furnace  has  been  described  elsewhere.®  After  the  high 
temperature  annealing  (400-570°C),  the  epilayers 
were  n-type  annealed  at  250®C  under  a  Hg  environ¬ 
ment  to  remove  nonstoichiometric  Hg  vacancies  in¬ 
duced  by  the  high  temperature  annealing  process. 
The  epitaxial  HgCdTe  layers  used  for  this  study  have 
been  grown  on  (211)  CdZnTe  substrates  in  a  Riber 
MBE  system.® 

Two  techniques  for  arsenic  dopingin  HgCdTe  hetero¬ 
structures  have  been  explored: 

•  in  situ  arsenic  doping  during  the  HgCdTe  cap 
layer  growth  by  MBE,  and 

•  planar  p-on-n  junction  process  of  arsenic  im¬ 
plantation  into  the  HgCdTe  DLHJ  grown  by  MBE. 

Molecular  beam  epitaxially  grown  LWIR  HgCdTe 
was  implanted  with  an  As  enrage  of  300  KeV  and  a 
dose  of  1  X  10^^  cm-2,  and  post  implantation  thermal 
annealing  was  carried  out  under  various  Hg  partial 
pressures  using  high  pressure  conventional  anneal¬ 
ing  or  rapid  thermal  annealing.  To  determine  the 
effects  of  arsenic  activation  temperature  and  time  on 
detector  R„A  and  quantum  efficiency,  SIMS  analysis 
of  the  arsenic  profile  and  Dx  values  between  base  and 
cap  layers  were  monitored. 

A  typical  temperature-time  profile  used  for  the 
conventional  activation  anneal  experiments  is  shown 
in  Fig.  1.  The  heatup  time  is  about  13  min.  For  60  s 
short  time  annealing  (rapid  thermal  anneal),  the 
sample  was  kept  in  the  cold  zone  during  the  initial 
heatup  cycle  until  it  reached  the  anneal  temperature 
equilibrium,  and  then  rapid  thermal  annealing  was 
carried  out  for  60  s.  The  thermocouple  used  for  moni¬ 
toring  the  anneal  temperature  was  a  thin  bare  sur¬ 
face  K-type  thermocouple  which  is  placed  in  a  1/4  inch 
ceramic  tube  with  1  mm  wall  thickness.  The  ther¬ 
mocouple  tip  always  touches  the  ceramic  wall  for 
temperature  monitoring.  Since  the  ceramic  tube  sits 
in  the  150  psi  hydrogen  and  Hg  vapor  pressure,  the 
thermocouple  reaches  the  equilibrium  quickly  by  con¬ 
vection  of  the  Hg  vapor  and  hydrogen  gas  rather  than 
radiation  heat  transfer  from  the  heater.  Once  the 
sample  has  been  loaded  into  the  quartz  boat  with  the 
quartz  cover  placed  on  it,  the  ceramic  tube  is  adjusted 
to  the  position  of  the  sample.  The  thermocouple  must 
be  exactly  in  the  same  position  every  run.  Equally 
importantly,  the  Hg  weight  and  hydrogen  over  pres¬ 
sure  must  be  constant  each  run  to  keep  the  thermal 
mass  in  the  anneal  tube  the  same. 

A  stop  watch  is  started  at  the  same  time  the  furnace 
is  turned  on.  From  this  point,  the  furnace  tempera¬ 
ture  rises  to  the  anneal  temperature  at  13  min  from  t 
=  0.  At  the  end  of  the  13  min,  the  sample  temperature 
is  recorded.  A  typical  temperature  profile  is  shown  in 
Fig.  1  for  a  target  temperature  set  at  436°C.  The 
sample  temperature  was  held  to  within  0.5°  of  the 


Enhanced  As  Diffusion  and  Activation  in  HgCdTe 

target.  For  rapid  thermal  annealing  time  of  60  s  at  a 
given  equilibrium  temperature,  at  t  =  0  s  from  the 
start  of  lowering  the  sample,  5  s  is  needed  to  finish 
positioning  the  sample.  After  60  s  of  annealing,  an¬ 
other  5  s  is  needed  to  finish  returning  the  sample  to 
the  starting  temperature. 

As  Activation  of  As-doped  MBE  Alloy  HgCdTe 

Initial  As  activation  measurements  were  performed 
on  arsenic  doped  HgCdTe  to  determine  the  activation 
efficiency.  These  layers  were  grown  at  160°C.  The 
samples  grown  for  As  activation  had  alloy  composi¬ 
tion  ranging  from  x  =  0.26  to  x  =  0.30.  The  thickness 
of  samples  was  typically  about  4  jiim.  Secondary  ion 
mass  spectroscopy  depth  profile  analysis  in  medium 
wavelength  infrared  (MWIR)  HgCdTe  (x  =  0.268) 
layers  for  As  concentration  is  shown  in  Fig.  2.  The 
SIMS  profile  shows  an  arsenic  concentration  of  4.0  x 
10^®  cm-^  near  the  surface  as  shown  in  Fig.  2.  The  Hall 
carrier  concentrations  are  shown  as  a  line  mark,  with 
SIMS  concentration  measurements  of  As  for  the  alloy 
HgCdTe  shown  for  comparison.  The  Hall  carrier  con¬ 
centration  was  measured  after  arsenic  activation 
anneal  at  436°C/10  min.  The  close  agreement  be¬ 
tween  the  Hall  measurements  and  SIMS  average 
arsenic  concentration  indicates  nearly  100%  electri- 


Fig.  2.  Secondary  ion  mass  spectroscopy  profile  of  arsenic  con¬ 
centration  in  an  as-grown  MWIR  alloy  HgCdTe  layer.  Arsenic  concen¬ 
tration  agrees  closely  with  Hall  carrier  concentration  after  As  activation 
anneal  at  436°C  for  10  min. 


611 


cal  activity  of  the  in  situ  arsenic  in  the  HgCdTe  layer 
after  post-growth  annealing.  For  the  experiments  of 
temperature  and  time  dependence  on  the  Hg  anneal¬ 
ing,  the  HgCdTe  samples  were  annealed  as  a  function 
of  time  at  436°C  and  as  a  function  of  temperature  for 
60  s  by  rapid  thermal  annealing.  Both  annealings 
were  investigated  under  Hg  and  hydrogen  overpres¬ 
sure  to  prevent  surface  degradation  of  HgCdTe 
epilayers.  Typical  Hall  mobilities  for  these  layers 
with  concentration  of  3.1  x  10^®-3.3  x  10^®  cm"^  lie  in 
the  range  of 8660-120  cmW.s  at  77K.  Table  I  summa¬ 
rizes  the  electrical  characteristics  measured  at  77K 
on  these  samples  after  high  temperature  Hg-anneal 
as  a  function  of  time  and  temperature. 

The  Hall  carrier  concentration  vs  annealing  time 
for  an  in  situ  As-doped  MWIR  HgCdTe  sample  is 
shown  in  Fig.  3.  This  figure  and  Table  I  show  that  the 
n-type  carrier  concentration  (as-grown  MBE  HgCdTe 
X  =  0.268,  n  =  2.2el5  cm"^,  p  =  1,109  cmW.s  at  77K) 
initially  increases  sharply  with  increased  anneal  time 


Table  I.  Time  Dependence  on  Annealing  Effects  for 
a  Given  Temperature  at  436°  and  Hall-Effect  Data 
for  In  Situ  As-Doped  MWIR  HgCdTe  Alloy  Layer 


Anneal 

Condition 

(°C/min) 

n/p 

Resistivity 

(Qrcm) 

Cone. 

(cm-®) 

Mobility 

(cmV 

V.s) 

SIMS 

(cm-®) 

As-Grown 

n 

2.56 

2,2el5 

1.10e3 

4el8 

436/1 

n 

0,023 

3.1el6 

8.66e3 

436/2 

n 

0.260 

3.4el6 

7.06e2 

436/5 

P 

0.051 

9.7el7 

1.25e2 

436/10 

P 

0.015 

3.3el8 

1.20e2 

Annealing  Time  at  436°C  (minutes) 

Fig.  3.  Time  dependence  of  arsenic  activation  at  T  =  436°C  for  an 
arsenic  doped  MBE  HgCdTe  layer  with  X  =  0.268.  Arsenic  activation 
was  carried  out  under  saturated  Hg  partial  pressure  at436°C  for  1 ,2,5, 
and  10  min  annealing,  followed  by  low  temperature  Hg-anneal  at 
250°C  for  20  h. 
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Table  II.  Time  Dependence  on  Annealing 
Expects  for  60  s  Rapid  Thermal  Annealing  and 
Hall-Effect  Data  for  In  Situ  As-Doped 
MWIR  HgCdTe  Alloy  Layer 


Anneal 

Carrier 

Carrier 

Mobility 

Cond. 

Type 

Resistivity  Cone. 

(cm^ 

SIMS 

(°C) 

(n/p) 

(Q-cm) 

(cm-3) 

V.s) 

(cm"®) 

As-Grown  n 

2.56 

2.2el5 

1.10e3 

4.0el8 

436 

n 

0.023 

3.1el6 

8.66e3 

500 

n 

0.274 

2.4el6 

9.57e2 

507 

n 

0.27 

1.8el6 

1.26e3 

530 

p 

0.37 

1.3el7 

1.32e2 

570 

P 

0,143 

2.9el7 

1.49e2 

Annealing  temperature  {°C) 

Fig.  4.  Temperature  dependence  of  arsenic  activation  for  an  arsenic 
doped  MBE  HgCdTe  layer  with  X  =  0.268°C.  Arsenic  activation 
annealing  was  carried  out  for  60  s  at  436,  500,  507,  530,  and  570°C, 
followed  by  low  temperature  Hg-anneal  at  250°C  for  20  h. _ 

for  a  given  temperature  of  436°C,  and  continues  to 
increase  until  it  converts  to  p-type  due  to  arsenic 
activation  after  436®C/5  min  annealing.  The  time 
dependence  of  Hall  carrier  concentration  indicates 
that  hole  carrier  conduction  overtakes  the  electron 
carrier  conduction  as  the  annealing  time  increases  at 
436°C.  It  ultimately  converts  to  p-type.  Meanwhile, 
the  high  electron  mobility  values  decrease  from 
8.66  X 10^  to  120  cmW.s,  as  the  hole  carrier  dominates 
the  transport  property  of  the  layer.  For  comparison 
purposes,  the  Hall  carrier  concentration  vs  tempera¬ 
ture  for  rapid  thermal  annealing  (Table  II)  of  the 
same  As-doped  sample  for  60  s  is  shown  as  well  in  Fig. 
4.  As  the  temperature  increases  from  436  to  570°C  for 
a  60  s  anneal,  the  n-type  arsenic  concentration  de¬ 
creases  slightly  to  507°C  and  then  increases,  but  it  did 
not  convert  to  p-type  completely.  This  suggests  that 
Hg-annealing  at  570°C  for  60  s  is  not  long  enough  to 
convert  the  4  pm  thick  As-doped  layer  from  n-  to  p- 
type. 

The  Hg  penetration  depth  during  the  arsenic  acti- 
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Depth  (microns) 

Fig.  5.  Secondary  Ion  mass  spectroscopy  depth  profile  for  arsenic 
concentration  of  an  in  situ  arsenic-doped  cap  layer  and  in  the  base 
layer  for  (a)  arsenic  in  as-grown  double  layer  (dotted  line),  and  (b) 
arsenic  after  activation  anneal  (solid  line). 

vation  anneal  under  high  mercury  partial  pressure 
was  calculated  at  450°C,  assuming  that  the  Hg  diffu¬ 
sion  is  the  same  in  the  As  activation  process  as  it  is  in 
the  reported  data  of  Zaitov^^^  and  Chen.^^  At  400°C  and 
high  mercury  partial  pressure,  the  Hg  self-diffusion 
coefficient  is  reported  in  the  range  of  5  x  10“^^-7  x  10“^® 
cmVs  in  undoped  HgCdTe  (x  =  0.2)  materials.  At 
450°C  and  high  Hg  partial  pressure,  the  Hg  self- 
diffusion  constant  is  D  =  1.7  x  10-^®  cm-Vs  in  undoped 
HgCdTe  (x  =  0.2)  materials  and  D  =  5.0  x  10“^®  when 
doped  with  indium.^®  Taking  the  expression  for  the 
penetration  depth  to  be  L  -  (Dt)^^^  and  the  parameter 
Dng  =  5.0  x  10"^®  cmVs,  we  calculated  L  =  1.73  x  10"^ cm 
for  1  min  annealing  at  450°C.  This  is  in  good  agree¬ 
ment  with  the  anneal  time  for  arsenic  activation  as 
shown  in  Table  I.  The  result  of  time  dependent  ar¬ 
senic  activation  suggests  that  this  activation  is  lim¬ 
ited  by  Hg  self-diffusion  into  the  layer,  which  may  be 
affected  also  by  the  impurity  content.  The  diffusion 
time  in  the  arsenic  activation  also  indicates  that  at 
450°C,  60  s  arsenic  activation  should  be  long  enough 
for  the  1  pm  capping  layer  for  the  DLHJ  devices. 

As  Diffusion  In  Situ  As-Doped  DLHJ  HgCdTe 

In  an  experiment  to  investigate  As  diffusion  during 
high  temperature  annealing,  in  situ  grown  As-doped 
double  layer  heterostructure  layers  were  used.  Sec- 
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ondary  ion  mass  spectroscopy  profiles  of  samples  as- 
grown  and  after  anneals  at  436°C  followed  by  250°C 
low  temperature  annealing  are  shown  in  Fig.  5.  In  the 
in  situ  grown  As-doped  double  layers,  the  epilayers 
show  an  acceptor  peak  level  about  5  x  10^®  cm-^  and  a 
sharp  drop  to  about  1.1  pm  deep.  After  436°C/20  min 
anneal  for  As  activation,  As  diffused  into  the  base 
layer  to  about  2.0  pm  deep  at  the  2  x  10^^  cm“^  In 
background  level.  Assuming  a  peak  at  8  x  10^*^  cm-^ 
and  erf  As  distribution,  the  diffusion  coefficient  of  As 
into  X  =  0.22  HgCdTe  at  436^^0  was  estimated  at 
1.29  X 10“^^  cm%.  This  value  is  an  experimental  upper 
limit  of  the  MBE  HgCdTe  epilayer  since  a  few  min¬ 
utes  of  furnace  rise  time  from  250°C  of  the  annealing 
furnace  were  not  included.  After  high  temperature 
annealing  at  436''C  for  20  min,  As  diffused  into  the 
base  layer  about  0.8  pm  deep;  and  a  significant  inter¬ 
diffusion  occurs  during  annealing  with  the  p/n  junc¬ 
tion  located  in  the  tail  of  the  graded  region,  as  shown 
in  Fig.  5,  Therefore,  in  the  case  of  in  situ  grown  DLHJ 
structure, a  p/n  junction  is  formed  in  the  graded 
region  under  optimum  capping  layer  thickness  and 
anneal  temperature  as  discussed  in  the  section  on 
annealing  effects  on  HgCdTe  p+-n  junctions  by  ar¬ 
senic  implantation. 

Enhanced  Arsenic  Diffusion 

To  understand  the  As  diffusion  and  interdiffusion 
of  heterostructures,  we  studied  the  effects  of  Hg 
partial  pressures  while  keeping  the  HgCdTe  wafer  at 
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Fig.  6.  Secondary  ion  mass  spectroscopy  profiles  for  arsenicconcentra- 
tion  of  an  ion  implanted  as-doped  HgCdTe  for  (1)  arsenic  after 
saturated  Hg  partial  pressure  anneal,  and  (2)  and  (3)  arsenic  after  low 
Hg  pressure  anneal. 
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436°C.  These  samples  were  processed  in  a  split- wafer 
experiment  using  the  standard  arsenic  implantation 
with  two  different  annealing  procedures;  one  set  of 
samples  [Fig.  6(1)]  was  annealed  at  436°C  for  20  min 
in  the  standard  saturated  Hg  pressure  (~2  atm), 
followed  by  a  250°C  anneal  for  20  h.^-^  The  second  set 
[Fig.  6(2)  and  Fig.  6(3)]  of  samples  from  the  same 
wafers  was  subjected  to  a  high  temperature  “en¬ 
hanced  diffusion’’  anneal  consisting  of  436°C  for  10 
min  in  lower  Hg  partial  pressures  (<  0.5  atm),  fol¬ 
lowed  by  the  standard  low  temperature  annealing. 
The  Hg  partial  pressure  inside  the  anneal  tube  was 
estimated  from  the  Hg-pressure  vs  temperature  data. 
As  shown  in  Fig.  6,  the  enhanced  diffusion  anneal, 
which  drives  the  arsenic  deeper,  takes  advantage  of 
the  faster  diffusion  of  arsenic  dopants  relative  to  Hg 
and  Cd  in  HgCdTe  under  low  Hg  overpressure.  The  As 
profile  was  monitored  in  two  sets  of  samples.  The 
dopant  profile  for  the  unconventionally  processed 
sample  shows  considerable  dopant  migration  during 
10  min  of  annealing,  as  compared  to  the  dopant  profile 
of  the  conventional  anneal.  In  the  case  of  the  conven¬ 
tional  process  at  436°C/20  min  anneal,  the  As  profile 
appears  to  follow  Fick’s  law,  but  deviations  were 
observed  for  enhanced  diffusion  anneals  under  low 
Hg  partial  pressure.  With  decreasing  Hg  pressures, 
the  As  profiles  show  an  additional  rapid  diffusion 
component,  similar  to  shapes  observed  for  Hg  self- 
diffusion  into  HgCdTe  at  high  temperatures.^^  At 
436°C,  for  example,  the  diffusion  coefficient  increased 


Depth  (microns) 

Fig.  7.  Arsenic  and  (Cd  composition)  SIMS  profile  for  an  MBE 
LWIR  HgCdTe  p-on-n  HgCdTe  device  after  arsenic  activation  anneal. 
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Fig.  8.  Current-voltage  characteristics  of  in  situ  as-doped  and  as-implanted  LWIR  HgCdTe  photodiodes. 


from  a  slow  component,  Dj  =  2.1  x  10"^®  cmVs  for  a 
saturated  Hg  pressure  of  2  atm,  to  two  diffusion 
coefficients;Dj  =  1.7x  lO'i^cmVsandafast  component 
D2  =  1.35  X  10-^1  cmVs,  respectively,  when  the  Hg 
pressure  is  decreased  to  <  0.5  atm.  Both  components 
are  significantly  influenced  hy  the  change  in  Hg 
pressure,  with  a  more  pronounced  effect  on  the  fast 
component,  Dg.  Since  the  Hg  vacancy  concentration  is 
inversely  proportional  to  the  Hg  partial  pressure,  the 
defects  involved  in  the  diffusion  process  could  be  Hg 
vacancies  for  the  slow  component,  and  other  defects 
induced  by  high  temperature  annealing  under  low 
Hg-partial  pressure  for  the  fast  component. 

Annealing  Effects  On  HgCdTe  p^-n  Junctions 
By  Arsenic  Implantation 

Although  the  arsenic  diffusion  and  in  situ  As- 
doping  techniques  have  been  used  to  fabricate  high 
performance  HgCdTe  photovoltaic  photodiodes,  ion 
implantation  also  offers  another  advantage  for  the 
incorporation  of  dopants  to  fabricate  planar  p-on-n 
heterostructures.  The  experimental  procedure  used 
for  As  activation  anneals  was  very  similar  to  that  of  in 
situ  As-doped  layers.  There  is  no  difference  in  proce¬ 
dure,  but  the  initial  As  position  between  in  situ  and 
ion-implanted  As-doping  can  be  quite  different,  result¬ 
ing  in  either  a  homojunction  or  heterojunction.  Figure 
7  shows  SIMS  depth  profiles  for  arsenic  and  ^^^Te.  The 
i25Te  profile  has  been  proven  to  follow  the  HgCdTe 
alloy  composition  via  matrix  effects.^®  The  ^^^Te  pro¬ 
file  in  Fig.  7  shows  significant  interdiffusion  at  the 
heterointerface  after  the  first  high  temperature  an¬ 
neal  step.  The  As  diffusion  profile  implies  a  junction 
depth  of  about  1  pm  based  on  a  background  indium 
concentration  of  2  x  10^®  cm“®. 

The  planar  p+-n  HgCdTe  heterostructures,  formed 


by  selective  pocket  diffusion  of  arsenic  (As)  deposited 
by  ion  implantation,  show  that  they  have  high  perfor¬ 
mance  and  that  their  dark  currents  are  diffusion 
limited  down  to  52K.^  This  heterostructure  requires 
good  control  over  the  junction  location  in  addition  to 
arsenic  activation  annealing  in  the  range  of 
cm'®.  For  diffusion  limited  diodes,  the  R^A  and  quan¬ 
tum  efficiency  are  directly  related  to  the  minority 
carrier  diffusion  length  of  the  base  n-type  layer  and 
the  compositional  grading,  which  is  related  to  the  cap 
layer  composition  (x),  thickness,  and  arsenic  doping 
levels.  The  ideal  junction  location  is  close  to  the  center 
of  the  grading  with  optimal  grading'^  of  0.3-0.8  pm 
width.  Any  lack  of  control  of  p/n  junction  formation 
will  result  in  a  barrier  in  the  junction  and  poor 
quantum  efficiency,  in  particular  at  low  temperature 
below  77K.1® 

In  Situ  and  Ion  Implanted  As-Doped  MBE 
HgCdTe  Photodiode 

As  materials  growth  and  extrinsic  n-  and  p-type 
doping  techniques  advance,  of  critical  importance  will 
be  the  properties  of  heterostructure  interfaces  and  p/ 
n  junction  locations.  Therefore,  the  ultimate  test  of 
the  materials  is  photodiode  design  and  their  perfor¬ 
mance.  Both  the  in  situ  and  ion-implanted  p-on-n 
double  layer  heterostructure  photodiodes  fabricated 
with  MBE  HgCdTe  using  the  annealing  process  de¬ 
scribed  in  this  paper  show  well-behaved  characteris¬ 
tics  as  shown  in  Fig.  8.  The  n-type  base  layer  (x  =  0.22) 
is  8-10  pm  thick  and  doped  with  indium  at  the  2  x  10^® 
cm-®  level,  while  the  wide  bandgap  capping  layer  (x  ~ 
0.28)  is  approximately  1  pm  thick  and  imdoped.  Ar¬ 
senic  is  either  in  situ  doped  during  the  growth  or 
selectively  implanted  after  double  layer  growth.  The 
sample  undergoes  a  436°C  anneal  for  10  min  under 
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saturated  Hg  partial  pressure  to  activate  the  arsenic 
and  a  250°C  for  20  h  anneal  to  annihilate  Hg  vacan¬ 
cies.  Figure  8  shows  current- voltage  characteristics  of 
typical  in  situ  arsenic  doped  mesa  and  ion-implanted 
planar  photodiodes  at  77K  for  comparison,  showing 
RqA  values  of  154  and  654  ohm-cm^  and  cut-off  wave¬ 
lengths  of  10.5  and  10.2  \im  at  77K,  respectively.  The 
detailed  analysis  of  the  current- voltage  characteris¬ 
tics  of  these  diodes  as  a  function  of  temperature  shows 
that  their  dark  currents  are  diffusion  limited  down  to 
almost  50K.^  Furthermore,  these  results  show  that 
the  diode  performance  is  affected  by  neither  ion 
implantation  damage  nor  arsenic  diffusion  sources 
after  high  temperature  arsenic  activation  annealing. 

CONCLUSION 

In  summary,  we  have  investigated  the  arsenic 
activation  of  m  situ  As-doped  single-  and  double-layer 
structures  as  a  function  of  time  and  temperature.  The 
time  dependence  of  the  As  activation  was  determined 
from  Hall  measurements  and  shows  an  increase  in 
the  carrier  concentrations,  from  n  =  2.2  x  10^^  cm-^  for 
as-grown  n-type,  x  =  0.268  to  n  =  3.4  x  10^®  cm-^  for  2 
min  anneal  at  436°C;  and  to  p  =  9.7  x  10^“^  cm-^  for 
436°C/5  min  anneal;  and  then  finally  to  p  =  3.3  x  10^^ 
for  10  min  anneal  at  436°C.  The  mobility,  however, 
increases  initially  from  1.1  x  10^  cmW.s  for  as-grown 
n-type  to  8.66  x  10^  cmW.s  for  n-type  and  drops  to  120 
cmW.s  for  p-type.  Diffusion  calculations  suggest  that 
arsenic  activation  is  limited  by  Hg  self-diffusion  for  4 
pm  thick  HgCdTe  epilayers.  Enhanced  arsenic  diffu¬ 
sion  for  the  DLHJ  structures  under  Hg-deficient 
conditions  also  indicates  that  defect  equilibrium 
strongly  affects  the  As  diffusion  coefficient,  resulting 
in  deeper  p/n  junction  as  well  as  enhanced  Cd  out- 
diffusion  near  the  surface. 

We  also  found  a  dependence  of  diode  characteristics 
on  the  annealing  conditions  of  both  in  situ  As-doped 
and  As  implanted  HgCdTe  DLHJ  structures.  We 


615 


previously  determined  that  the  best  diode  character¬ 
istics  with  high  RqA  and  high  quantum  efficiency  are 
obtained  at  436°C/10  min,  followed  by  low  tempera¬ 
ture  anneal  at  250°C  for  20  h.  However,  sometimes 
the  QE  degraded  as  temperature  decreased,  particu¬ 
larly  at  40K.  This  degradation  may  be  due  to  Cd/Hg 
interdiffusion  near  the  p/n  junction  location  during 
the  high  temperature  annealing. 
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P-Type  Doping  of  Double  Layer  Mercury  Cadmium  Telluride 
for  Junction  Formation 
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Extrinsic  p-type  doping  of  long  wavelength  infrared-HgCdTe  double  layer 
heterostructure  for  p-on-n  device  application  requires  good  control  of  the  p-type 
dopant,  regardless  of  the  doping  technique.  The  approach  is  to  place  the 
electrical  junction  ahead  of  the  compositional  interface,  thus  avoiding  quantum 
efficiency  reduction.  This  research  addresses  the  As  and  P  doping  of  HgCdTe  by 
an  implant/diffusion  process.  The  data  demonstrates  an  enhanced  atomic 
diffusion  process  for  As  and  P  from  an  ion  implanted  source,  within  the  single 
phase  domain,  with  a  diffusion  rate  orders  of  magnitude  higher  than  the  rate 
under  Hg-saturated  conditions  at  the  same  temperature.  This  work  also  reveals 
a  new  phenomenon,  namely,  a  transition  in  the  enhanced  diffusion  of  both  As  and 
P  from  an  exponential  to  a  Gaussian  redistribution.  This  transition  is  controlled 
by  temperature  at  a  given  Pj^^.  Gaussian  diffusion  dominates  at  high  tempera¬ 
tures,  T  >400°C.  The  diffusion  coefficient  of  the  Gaussian  mechanism  decreases 
as  the  Pj^increases,  from  Dp  -2  x  10“^^  cmVs  at  Pjj  '-0.02  atm  to  Dp  -3  x  10“^^  cmV 
s  under  Hg-saturated  conditions  (quartz  ampoule)  at  440°C.  The  difference  in 
the  diffusion  coefficients  between  open  tube  and  closed  tube  (quartz  ampoule), 
under  nominally  Hg-saturated  conditions,  indicates  that  P^^  is  undersaturated 
regardless  of  the  Hg-source  proximity.  The  deviation  of  Pjjg  from  saturation  is 
estimated  from  the  annealing  furnace  temperature  profile  up  to  a  maximum  of 
50%.  Variation  of  the  diffusion  coefficient  close  to  Hg  saturation  appears  to  be 
sharply  dependent  on  the  actual  Pjj  value  (example:  Dp  -1  x  cmVs  in  open- 

tube  anneal  vs  Dp  ~3  x  10"^^  cmVs  in  closed  tube  at  nominally  the  same 
temperature,  T  =  440^^0).  Comparative  anneals  of  As  and  P  showed  faster 
diffusion  rates  for  P  than  for  As  in  both  mechanisms. 

Key  words:  Annealing,  diffusion,  HgCdTe 


INTRODUCTION 

Extrinsic  p-type  doping  of  long  wavelength  HgCdTe 
has  received  a  wide  interest  for  double  layer  hetero¬ 
structure  p-on-n  device  applications.^^  This  struc¬ 
ture  requires  an  electrical  junction  located  deeper 
than  the  compositional  junction  to  avoid  the  forma¬ 
tion  of  any  valence  band  barriers  to  the  transport  of 
the  photogenerated  minority  carriers  across  the  junc¬ 
tion.  This  implies,  besides  a  stable  interface,  a  con¬ 
trolled  behavior  of  p-type  dopants  in  any  thermal 
treatment  following  their  introduction  into  the  layer. 
One  way  to  p-type  dope  HgCdTe  is  to  diffuse  As  or  P 


(Received  October  30,  1993;  revised  Angus  20,  1994) 


from  an  ion  implanted  source.  Diffusion  by  a  conven¬ 
tional  technique  (closed  tube,  Hg-saturated,  T  >400°C) 
would  require  long  anneal  times,  which  cannot  be 
used  because  the  interdiffusion  in  the  heterointerface 
is  faster  than  the  dopant  diffusion.  The  range  of  Cd- 
Hg  interdiffusion  coefficients  across  the  pseudobinary 
at  400^C  are  2  x  lO-^^cmVs  to  5  x  10-^^cmVs^  while  the 
diffiision  coefficients  for  As^  and  P,®  are  in  the  low  10“^^ 
cmVs  range.  On  the  other  hand,  the  advantage  of  a 
heterostructure  in  decreasing  leakage  currents  may 
be  diminished  if  the  compositional  difference  between 
the  cap  layer  and  the  absorber  layer  is  very  small.  An 
enhanced  diffiision  process  can  be  applied  to  form  p/n 
planar  junctions,  with  the  purpose  of  consistently 
locating  the  electrical  junction  beyond  the  graded 
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Fig.  1.  As-redistribution  (SIMS)  in  post-implant  anneal  in  open-tube 
(MOCVD-reactor)  at  P^g  ^0.02  atm  (within  the  existence  domain  but 
close  to  Te-phase  bouncTary)  for  MOCVD,  double  layer  HgCdTe:  (a)  at 
390°C  for  20  min,  and  (b)  at  440°C  for  10  min. 


region  of  the  heterointerface.  Fast  As  diffusion  by  an 
atomically  enhanced  mechanism,  from  an  ion  im¬ 
planted  source^ as  well  as  a  grown  sourc,^’^  has  been 
demonstrated. 

This  paper  addresses  the  p-type  doping  of  HgCdTe, 
in  conjunction  with  p-on-n  junction  formation,  by  an 
implant/anneal  process  of  As  and  P.'^«8,io  objec¬ 
tives  of  this  work  are  as  follows: 

•  To  control  the  p-type  doping  concentration  for 
junction  formation,  by  first  identifying  the  differ¬ 
ent  diffusion  mechanisms  that  may  occur.  The 
material  and  fabrication  parameters  could  be 
chosen  to  minimize  or  suppress  the  undesirable 
components  and  develop  a  reproducible  diffusion 
process. 

•  To  develop  a  junction  formation  method  by  which 
the  electrical  junction  in  a  double  layer  HgCdTe 
structure  would  be  consistently  located  beyond 
the  graded  region  of  the  heterointerface. 

EXPERIMENT 

The  material  used  for  the  initial  experiments  was  a 
long  wavelength  infrared  (LWIR)  HgCdTe  double 
layer  structure,  with  an  middle  wavelength  infrared 
(MWIR)  cap  layer,  grown  by  metalorganic  chemical 
vapor  deposiont  (MOCVD). The  initial  anneals  were 
also  performed  in  the  MOCVD  reactor.  The  confirma¬ 
tion  of  the  initial  results  and  further  supporting 
evidence  were  obtained  using  LWIR  liquid  phase 
epitaxy  (LPE)  single  layer  material  grown  from  the 
Te-rich  corner  of  the  phase  diagram.  The  source  for 
doping  with  As  and  P  was  ion  implantation.  The  post 
implant  annealing  was  performed  in  an  open  tube 
setup,  in  a  modified  LPE  growth  furnace  with  a  high 
pressure  of  Hg,  -10  atm.^^  We  chose  the  open  tube 
annealing  technique  because  it  is  more  production- 
oriented.  The  anneal  conditions  were  chosen  within 
the  single  phase  domain  of  the  phase  diagram.  For 
reference,  we  used  the  conventional  anneal  in  a  closed 
tube  (quartz  ampoule).  The  Pjj^  was  estimated  from 
P-T  tables.  The  main  analytical  techniques  employed 
were  secondary  ion  mass  spectrometry  (SIMS)^^»^^  for 
As  and  P  concentration  profiles  and  the  electron  beam 
induced  current  (EBIC)  technique  for  junction  depth 
determination.  Whenever  indicated,  the  value  of  the 
diffusion  coefficient,  D,  refers  only  to  the  Gaussian 
component,  and  it  was  determined  from  a  theoretical 
fit  to  the  Gaussian  model  down  to  very  low  concen¬ 
trations,  -lOWcm^. 

As  AND  P  DIFFUSION 
Pjjg  Close  to  Te-Phase  Boundary 

Annealing  of  As-ion  implanted  samples  under  a  low 
partial  pressure  of  Hg  (Pjjg  -0.02  atm)  with  one 
atmosphere  pressure  of  H2,  in  an  MOCVD  reactor, 
has  been  shown^  to  yield  an  enhanced  diffusion  of  As 
compared  with  the  anneal  in  a  saturated  Hg  overpres¬ 
sure  in  a  closed  tube  (quartz  ampoule)  at  the  same 
temperature.  The  material  on  which  this  effect  was 
observed  was  LWIR-MCT  (double  layer  structure) 
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grown  by  MOCVD.  Diffusion  data  up  to  350°C  has 
been  published.^ 

This  paper  extends  the  experiments  on  As  diffusion 
in  undersaturated  Hgpressure  by  using  higher  sample 


Depth  (|im) 

b 

Fig.  2.  As-redistribution  (SIMS)  in  post-implant  anneal  in  open-tube 
(MOCVD-reactor)  at  P^g  -0.2  atm  (within  the  existence  domain)  for 
LPE,  single  layer  HgCdfe:  (a)  at  400°C  for  20  min,  and  (b)  at  440°C 
for  10  min. 


temperatures,  400  and  440°C,  and  within  experimen¬ 
tal  error,  the  same  partial  pressure  of  Hg;  -0.02 
atm.  The  material  and  the  annealing  technique  were 
the  same.  Secondary  ion  mass  spectrometry  results 
on  As  redistribution  are  presented  in  Fig.  la  for  390°C 
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Fig.  3.  P-redistribution  (SIMS)  In  post-implant  anneal  in  open-tube 
(MOCVD-reactor)  at  P^g -0.2  atm  (within  the  existence  domain)  for 
LPE,  single  layer  HgCdte:  (a)  at  390°C  for  20  min.  and  (b)  at  440°C 
for  10  min. 


620 


Bubulac,  Edwall,  Irvine,  Gertner,  and  Shin 


Fig.  4.  P-redistribution  (SIMS)  in  conventional  anneal  (closed  tube; 
quartz  ampoule)  at  saturated  Hg-overpressure,  (on  Hg-phase  bound- 
ary,  P^g  -3  atm)  at  435°C  for  2.25  h  for  LPE-single  layer  HgCdTe. 


anneal  and  Fig.  lb  for  440°C  anneal.  Although  the 
diffusion  at  these  elevated  temperatures  increased 
with  temperature,  the  change  in  the  type  of  diffusion 
was  unexpected.  The  mechanism  of  the  atomic  en¬ 
hanced  diffusion  switches  from  an  exponential  depen¬ 
dence  of  the  concentration  vs  depth  (C  e-"")  to  a 
Gaussian  redistribution  (C  e-''V4t).  This  result  was 
confirmed  on  other  samples  with  the  same  structure 
from  a  different  wafer.  The  transition  from  exponen¬ 
tial  to  Gaussian  behavior  was  determined  by  tem¬ 
perature.  Gaussian  atomic  diffusion  appeared  to  pre¬ 
dominate  at  high  temperatures,  T  >400°C. 

To  avoid  the  potential  complications  of  the  double 
layer  structure,  such  as  a  change  in  band  gap,  defects 
in  the  heterointerface,  and  high  content  of  disloca¬ 
tions  (etch  pit  density,  EPD  -  low  lOVcm^),  the  diffu¬ 
sion  behavior  was  investigated  using  low  dislocation 
density  (10^  cm^)  LPE  single  layers.  The  experiments 
of  Fig.  1  were  repeated  with  Pjj^  approximately  one 
order  of  magnitude  higher,  but  still  below  the  Hg  rich 
phase  boundary,  -0.2  atm.,  on  LPE  single  layers 
using  two  different  dopants.  As  and  P.  Both  dopants 
were  introduced  in  the  layer  via  ion  implantation  at  a 
fluence  of  1  x  lOWcm^  with  an  energy  of  300  KeV. 
Secondary  ion  mass  spectrometry  redistribution  pro¬ 
files  for  both  As  and  P  obtained  at  400  and  440°C  are 
shown  in  Fig.  2  and  Fig.  3,  respectively.  These  data 
confirm  the  previous  results  regardless  of  the  differ- 


Fig.  5.  P-redistribution  (SIMS)  in  open  tube  anneal  (modified  LPE 
furnace)  at  P^g  ~3  atm  (close  to  Hg-phase  boundary — sample  placed 
as  close  to  Hg  source  as  possible)  and  440°C  for  2.25  h. 


ence  in  the  growth  technique,  the  structural  defect 
density  of  the  material,  and  the  implanted  species.  A 
transition  in  the  diffusion  mechanism  occurs  which  is 
controlled  by  temperature.  The  exponential  atomic 
diffusion  predominates  at  400°C  and  Gaussian  atomic 
diffusion  appears  to  predominate,  or  perhaps  is  ini¬ 
tiated  at  high  temperature,  T  >400°C 

Pjjg  Close  to  Hg-Phase  Boundary 

Annealing  at  elevated  PHg,  close  to  the  Hg-phase 
boundary  was  explored  in  parallel  for  As  and  P  in  an 
open  tube  apparatus. 

Closed-Tube  Anneal 

For  comparison  to  our  open  tube  method,  we  have 
determined  the  P-diffusion  coefficient  using  a  conven¬ 
tional  closed-tube  anneal  in  saturated  Hg  vapor. 
Figure  4  shows  results  of  P  annealed  in  a  quartz 
ampoule.  The  implant  was  performed  at  50  KeV  with 
a  fluence  of  1  x  lO^Vcm^.  The  post-implant  anneal  was 
performed  at  435°C  and  the  annealing  time  was  long, 
2.25  h,  to  minimize  the  initial  effects  of  damage  on  the 
redistribution  of  the  implanted  species.  Secondary 
ion  mass  spectrometry  profiling  showed  Gaussian 
redistribution  with  a  diffusion  coefficient  of  Dp  = 
3  X  10-WcmVs  or  less.  These  profiles,  as  expected,  are 
similar  to  the  profiles  obtained  previously  for  As, 
fitting  well  with  the  published  data  for  the  volume 
diffusion  coefficient.'^ 

Open-Tube  Anneal 

The  closest  condition  to  Hg-saturation  in  the  open 
tube  apparatus  was  with  an  anneal  identical  in  tem¬ 
perature  and  time  to  that  used  for  the  closed  tube 
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experiment  (440® C,  2.25  h)  but  with  the  sample  placed 
as  close  to  the  Hg  source  as  possible.  This  aimed  to 
obtain  near  saturated  Hg  vapor  conditions  in  the  open 
tube.  The  estimated  Pjj^  was  -3  atm.  The  SIMS 
results  on  P-concentration  and  compositional  profiles 
are  shown  in  Fig.  5  for  an  implant  with  300KeV,  and 
fluence  of  1  x  lOWcm^. 

The  effect  of  the  different  implant  energy  from  the 
closed  tube  experiment  (Fig.  4)  is  negligible  due  to  the 
long-term  anneal.  These  data  show  a  significant  re¬ 
distribution  of  P  by  a  classical  Gaussian  mechanism, 
with  a  diffusion  coefficient  about  an  order  of  magni¬ 
tude  higher  than  the  corresponding  closed  tube  an¬ 
neal,  i.e.,  D  -3.7  X  10“^^  cmVs  vs  3  x  10"^^  cmVs.  There 
is  a  striking  similarity  of  P-redistribution  during  this 
anneal  with  the  previous  Gaussian  enhanced  diffu¬ 
sion  obtained  at  low  but  at  the  same  temperature 
(T  >  400®C).  This  suggests  that  the  conditions  are 
undersaturated  regardless  of  the  proximity  of  the  Hg 
source,  causing  an  enhanced  Gaussian  diffusion  to 
occur.  This  also  suggests  that  at  very  small  variations 
of  Pj^g,  in  the  proximity  of  the  saturation  (closed  tube 
vs  open  tube),  the  diffusion  coefficient  varies  sharply 
wdth  the  actual  value  of  Pjjg.  The  electrical  activity  of 
P  in  this  anneal  was  determined  to  be  p-type  by  using 
the  EBIC  technique  through  junction  depth  determi¬ 
nation.  The  electrical  junction  was  located,  within 
experimental  errors,  where  Hall-determined  n-type 
background  equaled  the  P-SIMS  concentration 
profile,  suggesting  a  high  activation  efficiency, 
-100%. 

We  then  compared  As  and  P  at  different  anneal 
conditions.  To  avoid  variations  in  F^^  from  run  to  run, 
two  samples  were  implanted  under  similar  conditions 
(50  KeV  and  lO^Vcm^),  one  with  As  and  another  one 
with  P  and  were  annealed  in  the  same  open  tube.  P^g 
and  anneal  temperature  were  about  the  same  as  in 
the  experiment  shown  in  Fig.  5  {F^^  -3  atm,  430°C), 
but  the  annealing  time  was  shorter,  10  min. 

Secondary  ion  mass  spectrometry  data  for  the  As 
and  P  redistribution  are  shown  in  Fig.  6a  and  Fig.  6b, 
respectively.  No  noticeable  redistribution  of  As  was 
observed  (Fig.  6a),  except  for  the  initial  fast  redistri¬ 
bution  in  a  shallow  region  due  to  the  initially 
unannealed  implant  damage  (which  for  As  are  heavier 
than  for  P).  The  As  profile  appears  sharp  at  a  depth  of 
0.8  pm.  However,  P  showed  a  Gaussian  redistribution 
with  a  diffusion  coefficient  of  1  x  10"^^  cmVs,  confirm¬ 
ing,  within  the  experimental  error,  the  previous  re¬ 
sult  from  Fig.  5.  From  this  experiment,  P  appears  to 
be  a  faster  diffusant  than  As  at  high  temperature 
(-430°C)  and  high  (but  not  saturated)  F^  , 

Other  experiments  were  performed  at  tempera¬ 
tures  equal  or  less  than  400®C  and  at  lower  F^^,  to 
investigate  the  comparison  of  As  and  P  in  the  atomic 
exponential  regime.  Results  for  As  and  P  from  an¬ 
neals  in  low  P^g,  ('-0.2  atm)  and  at  390°C  for  10  min 
are  shown  in  Fig.  7.  Both  As  and  P  exhibit  exponential 
extended  components,  and  the  diffusion  rate  for  P  was 
higher  than  for  As.  These  results  show  that  for  the 
exponential  enhanced  diffusion,  P  is  also  faster  than 


Fig.  6.  Comparative  redistribution  profiles  for  As  and  P  (SIMS)  in  open 
tube  anneal  at  Ph  -3.0  atm  (close  to  Hg-phase  boundary-sample 
placed  as  close  to  Hg  source  as  possible)  and  430°C  for  1 0  min:  (a)  for 
As,  and  (b)  for  P. 
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As;  the  diffusion  depth  (defined  conventionally  at  a 
concentration  of  1  x  lO^Vcm^)  for  P  was  --3.5  vs  --2.0  |Lim 
for  As. 


Depth  (|xm) 
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Fig.  7.  Comparative  redistribution  profiles  for  As  and  P  (SIMS)  in  open 
tube  anneal  at  -0.2  atm  and  395°C  for  8  min:  (a)  for  As,  and  (b)  for  P. 


APPLICATION  OF  ENHANCED  DIFFUSION 
TO  JUNCTION  FORMATION 

The  investigation  of  As  and  P  behavior  in  a  post- 
implant  anneal  reveals  two  kinds  of  methods  that  can 
be  developed  to  place  the  p-on-n  junctions  deep  into 
the  layer,  based  on  ion  implantation  and  annealing  in 
an  open  tube  setup.  Thus,  each  individual  mecha¬ 
nism,  exponential  or  Gaussian,  or  both  in  combina¬ 
tion,  can  be  used  to  obtain  a  desired  profile  compatible 
with  the  device  double  layer  architecture  and  process¬ 
ing.  An  example  is  given  in  Fig.  8  for  P-ion  implanted 
in  a  single  layer  of  LPE-grown  MCT.  The  electrical 
junction  is  located  on  the  SIMS  redistribution  profile 
(within  experimental  error)  as  determined  by  EBIC 
measurements.  A  significant  observation  is  that  in 
the  experiment  from  Fig.  8,  the  initial  uniform  compo¬ 
sition  (single  layer)  is  not  changed  (i.e.,  no  significant 
Hgloss).  (The  material  composition  profile  was  deter¬ 
mined  by  the  Te-SIMS  profiling  technique  developed 
in  Ref.  10.)  The  surface  decrease  in  Te^^s^si^g  jg 
shallow  enough  (<1000A)  to  be  explained  by  a  SIMS 
surface  effect.  A  low  temperature  Hg- vacancy  anneal 
is  performed  at  the  end  to  reveal  the  n-type  back¬ 
ground  and  thus  to  form  the  extrinsic  doped  p-on-n 
junction. 

DISCUSSION 

The  presented  data  demonstrate  an  enhanced 
atomic  diffusion  process  for  As  and  P  in  post-implant 
anneals  in  Hg-undersaturated  conditions  within  the 
single  phase  solidus. 

A  transition  in  the  atomic  enhanced  mechanism 
from  exponential  to  Gaussian,  within  the  single  phase 
region,  is  revealed  for  both  As  and  P.  The  transition 
appears  to  be  controlled  by  temperature  at  any  given 
Pjjg.  The  exponential  atomic  mechanism  appears  to 
predominate  at  T  <400°C.  The  diffusion  rate  appears 
to  be  higher  as  the  temperature  increases.  At  T 
>400°C  a  transition  is  revealed  in  the  diffusion  mecha¬ 
nism,  and  the  Gaussian  redistribution  profile  pre¬ 
dominates.  The  diffusion  coefficient  appears  to  de¬ 
crease  as  the  Pjj  increases;  an  example  shows  varia¬ 
tions  at  ~440°C  from  D  =  2  x  10“^^  cmVs  at  Pjj  -0.02 
atm  to  D  =  3  X  lO-i'^  cmVs  at  Hg  saturated  conditions 
(conventional  closed  tube  anneal,  on  the  Hg-phase 
boundary).  D  should  also  increase  with  temperature 
at  a  given  as  suggested  by  the  data  from  the 
saturated  anneals.”^ 

The  nominally  saturated  open  tube  conditions  for 
Pjj  are  in  fact  undersaturated  regardless  of  the  prox¬ 
imity  of  the  sample  to  the  mercury  source;  thus  D  in 
the  Gaussian  diffusion  obtained  in  the  open  tube 
anneal,  with  the  sample  as  close  as  possible  to  the  Hg 
source  (Fig.  5),  is  more  than  one  order  of  magnitude 
higher  than  D  in  the  conventional  saturated  closed 
tube  anneal  (Fig.  4);  D  -5  x  10“^^  cmVs  vs  D  -3  x  10“^^ 
cmVs. 

The  large  difference  in  the  diffusion  coefficient  of 
the  two  experiments,  closed  tube  (Fig.  4)  and  open 
tube  (Fig.  5),  run  in  nominally  similar  conditions  of 
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temperature  and  time,  suggests  that  the  diffusion 
coefficient  of  the  Gaussian  component  decreases 
sharply  as  the  approaches  the  Hg-phase  bound¬ 
ary.  This  implies  that  the  associated  p-type  electrical 
activation  may  increase  sharply,  depending  on  site 
occupancy. 

The  experiments  run  on  samples  with  various  EPD 
(Fig.  1  and  Fig.  2)  show  that  the  behavior  of  both 
components  is  independent  of  EPD  for  two  orders  of 
magnitude  difference  (from  low  10^  to  low  lOVcm^). 

The  number  of  atoms  under  the  Gaussian  enhanced 
profile  in  Fig.  lb  (integrated  dose  is  1.3  x  10^^  cm-^)  is 
close,  within  experimental  error,  to  the  number  of 
implanted  atoms  (1  x  10^^  cm-^).  This  data  suggests 
that  implanted  atoms  undergo  a  site  transfer  under 
low  Pjjg  and  that  all  the  implanted  atoms  participate 
in  enhanced  Gaussian  diffusion. 

The  electrical  activation  of  p-type  dopants  appears 
to  be  dependent  on  the  partial  pressure  of  Hg.  At  one 
extreme  of  P^  close  to  the  Te-phase  boundary  (P^^ 
-0.02  atm),  and atalow  diffusion  temperature,  -350°C, 
the  electrical  activation  of  p-type  dopants  in  the 
predominant  exponential  redistribution  is  undetect¬ 
able.^  Therefore,  the  exponential  component  requires 
electrical  activation  to  p-type  by  a  separate  site  trans¬ 
fer,  which  is  observed  at  T  >415°C.^®  At  the  other 
extreme  of  P^g  close  to  the  Hg-phase  boundary  (high 
Pjjg  but  still  undersaturated,  -3  atm)  and  at  a  high 
temperature,  430-450°C,  the  activation  temperature 
of  P  in  the  predominant  Gaussian  redistribution 
appeared  to  be  the  same,  within  experimental  error, 
as  the  diffusion  temperature.  The  activation  effi¬ 
ciency  is  -100%  at  saturation  conditions  as  observed 
at  440°C  in  the  open  tube  anneal  (Fig.  5)  and  at  400°C 
and  at  450°C  in  closed  tube.^®  Given  the  dependence 
of  the  activation  efficiency  on  the  Pjjg  of  column  V 
elements^®  (higher  as  the  Hg-overpressure  approaches 
the  Hg-phase  boundary)  the  activation  efficiency 
should  be  highest  precisely  on  the  phase  boundary, 
and  it  should  decrease  as  Pjjg  decreases.  The  data 
imply  that  at  slightly  undersaturated  conditions  elec¬ 
trical  activity  may  vary  as  much  as  the  diffusion 
coefficient  varies.  Further  work  is  needed  to  elucidate 
this  point. 

From  the  comparative  anneals  of  As  and  P,  P 
appears  to  have  a  faster  diffusion  rate  in  both  ex¬ 
ponential  and  Gaussian  enhanced  diffusion  mecha¬ 
nisms. 

Lack  of  stringent  control  of  partial  pressure  of  Hg 
(Pflg)  at  any  step  in  the  annealing  procedure  may 
cause  a  great  variance  in  the  redistribution  profiles  of 
p-type  dopants,  regardless  of  the  material  defect 
structure. 

As  a  consequence  of  this  study,  two  atomic  en¬ 
hanced  mechanisms  can  be  used,  individually  or  in 
combination,  to  diffuse  As  and  P  from  an  ion  im¬ 
planted  source  for  p-on-n  device  applications.  The 
choice  of  either  mechanism  for  junction  formation 
should  depend  on  the  device  architecture.  The 
final  choice  should  be  based  on  the  device  per¬ 
formance. 


SUMMARY 

We  have  revealed  the  existence  of  a  transition  in 
the  atomic  enhanced  mechanism  from  exponential  to 
Gaussian  within  the  single  phase  region.  The  transi¬ 
tion  of  the  mechanism  from  exponential  to  Gaussian 
is  controlled  by  temperature  at  any  given  Pjjg,  T 
>400°C.  The  diffusion  coefficient,  D,  of  the  Gaussian 
mechanism  appears  to  be  sharply  dependent  on  P^^ 
close  to  Hg-phase  boundary  (Dp-1  x  10"^^  cm  Vs  in  open 
tube  and  Dp  -3  x  10“^^  cmVs  in  closed  tube  at  nominally 
similar  conditions  of  temperature  and  time,  440^^0 
and  10  min).  The  electrical  activation  of  As  and  P, 
-100%  at  saturation,  may  also  vary  significantly  with 
Pjjg  close  to  the  Hg-phase  boundary.  The  P  diffusion 
mechanisms  appear  to  be  faster  than  As  in  any  atomic 
enhanced  mechanism. 

The  transition  process  in  the  diffusion  mechanism 
and  the  high  sensitivity  of  the  diffusion  coefficient  of 
the  Gaussian  component  on  P^^  in  the  proximity  of 
saturation  can  provide  an  explanation  for  the  wide 
range  of  results  for  the  dopant  redistribution  from 
any  source.  It  is  important  to  identify  these  phenom¬ 
ena  in  order  to  be  able  to  control  the  atomic  diffusion, 
and  by  that  to  control  the  device  performance. 
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Fig.  8.  P-redistribution  profile  (SIMS)  In  a  combined  atomic  enhanced 
diffusion  together  with  compositional  profile  (SIMS-  ^^^Te)  and  EBIC  - 
determined  junction  depth:  anneal  at  385°C/3  min  and  '-0.2  atm, 
followed  by  an  anneal  at  435°C/6  min  and  -3  atm  and  followed  by  an 
anneal  at250°C/15  h. 
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Annealing  Experiments  in  Heavily  Arsenic-Doped  (Hg,Cd)Te 
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Arsenic  doped  molecular  beam  epitaxy  (MBE)  (Hg,Cd)Te  films  were  grown  on 
(Cd,Zn)Te  substrates.  The  concentration  of  arsenic  was  varied  from  5  x  10^®  cm-^  to 
1  X  10^^  cm-^.  After  the  growth,  the  epitaxial  layers  were  annealed  at  various 
partial  pressures  of  Hg  within  the  existence  region  of  (Hg,Cd)Te  at  temperatures 
ranging  from  400  to  500®C.  Hall  effect  and  resistivity  measurements  were 
carried  out  subsequent  to  the  anneals.  77K  hole  concentration  measurements 
indicate  that  for  concentrations  of  arsenic  <10^^  cm-^,  most  of  the  arsenic  is 
electrically  active  acting  as  acceptors  interstitially  and/or  occupying  Te  lattice 
sites  at  the  highest  Hg  pressures.  At  lower  Hg  pressures,  particularly  at 
annealing  temperatures  of  450°C  and  higher,  compensation  by  arsenic  centers 
acting  as  donors  appears  to  set  in  and  the  hole  concentration  decreases  with 
decrease  in  Hg  pressure.  These  results  indicate  the  amphoteric  behavior  of 
arsenic  and  its  similarity  to  the  behavior  of  phosphorus  in  (Hg,Cd)Te  previously 
inferred  by  us.  A  qualitative  model  which  requires  the  presence  of  arsenic 
occupying  both  interstitial  and  Te  lattice  sites  along  with  formation  of  pairs  of 
arsenic  centers  is  conjectured. 

Key  words:  Amphoteric,  annealing.  As,  diffusion,  HgCdTe,  Hg  partial 
pressure 


The  large  size  of  the  group  V  elements  and  hence  the 
low  diffusivity  of  these  elements  are  expected  to 
result  in  stable  and  well  controlled  p-n  junctions.  In  a 
detailed  study  of  the  mode  of  incorporation  of  phos¬ 
phorus  in  bulk-grown  Hg^  gCd^  2Te,  Vydyanath  et  al.^^ 
established  the  amphoteric  behavior  of  phosphorus. 

Also,  electrical  activity,  solubility,  and  mode  of 
incorporation  of  P,  As,  Sb  and  Bi  were  investigated  in 
Hgi_^Cd^Te  layers  grown  by  liquid  phase  epitaxy  from 
Te-rich  solutions.^^  Not  surprisingly,  these  elements 
were  found  to  be  amphoteric  in  epitaxially  grown 
(Hg,Cd)Te  also. 

The  main  objective  of  the  current  study  is  to  study 
the  incorporation  mechanism  of  arsenic  in  (Hg,Cd)Te 
particularly  at  concentrations  in  excess  of  10^®  cm-^ 
since  at  lower  concentrations,  arsenic  is  well  behaved 
with  no  self-compensation  under  Hg  saturated  condi¬ 
tions. 

Although  our  initial  objective  was  to  study  the 
behavior  of  arsenic  in  (Hg,Cd)Te  grown  by  different 


INTRODUCTION 

Recently,  there  has  been  an  increased  emphasis  on 
replacing  native  acceptor  defect  doping  with  external 
acceptor  dopants.^  The  reasons  for  this  are  twofold. 
First,  it  is  possible — ^in  principle  at  least — to  increase 
the  Shockley-Read-limited  carrier  lifetime  using  ac¬ 
ceptor  dopants  whose  energy  levels  are  closer  to  the 
valence  band  edge.  Secondly,  with  the  recent  success 
in  the  (Hg,Cd)Te  heterojunction  work^'^  and  particu¬ 
larly  with  the  improved  performance  obtainable  in  p- 
on-n  heterojunctions, the  acceptor  dopant  study  has 
taken  on  an  increasingly  significant  role.  The  only 
way  one  can  fabricate  p-on-n  heterojunctions,  is  with 
the  use  of  an  acceptor  dopant  in  the  wider-band-gap 
layer  and  a  donor  dopant  in  the  optically  active  layer 
and  to  reduce  the  native  acceptor  defect  concentration 
well  below  the  concentration  of  the  dopants. 

(Received  October  30,  1993;  revised  September  14,  1994) 
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Table  I.  Summary  of  Composition,  Thickness, 
and  Arsenic  Concentrations  of  the  MBE 
Films  Selected  for  the  Study 


Film# 

^dTe 

Thick. 

|Jin 

As  Cone.,  cm-® 
(SIMS  Data) 

1150 

0.23 

10 

5  X  lO^s 

1152 

0.22 

9.8 

4  X  10^9 

1159 

0.21 

12.6 

1  X  10^9 

1160 

0.22 

12 

1  X  1020 

technologies,  our  choice  had  to  be  limited  to  molecular 
beam  epitaxy  (MBE)  grown  material  for  two  reasons. 
First,  we  had  no  access  to  Hg-rich  liquid  phase  epit¬ 
axy  (LPE)  growths  which  can  result  in  high  arsenic 
concentrations,  and  second,  Te-rich  LPE,  which  we 
have  access  to,  in  our  laboratories  does  not  result  in 
high  arsenic  concentrations.^^ 

Our  motivation  to  study  the  equilibrium  behavior  of 
arsenic  in  (Hg,Cd)Te  at  concentrations  in  excess  of 
10^®  cm“^  led  us  to  perform  annealing  experiments  at 
400  to  SOO'^C  although  in  practice,  MBE  grown  p-n 
junctions  using  arsenic  are  not  expected  to  be  exposed 
to  these  high  temperatures.  Annealing  studies  at 
temperatures  below  400°C  were  not  undertaken  be¬ 
cause  of  uncertainty  in  reaching  equilibrium  with 
regard  to  arsenic  dopant  defects  at  low  temperatures. 

In  our  study,  Hg^_^Cd^Te  films  with  X  =  0.21  to  0.23 
and  arsenic  concentrations  ranging  from  10^®  cm"^  to 


10^^  cm’^  were  grown,  via  the  MBE  technique.  These 
films  were  analyzed  for  the  arsenic  concentration  via 
secondary  ion  mass  spectroscopy  (SIMS).  The  arsenic 
doped  epitaxial  films  were  equilibrated  from  400°  to 
500°C  in  Hg  atmospheres  corresponding  to  stoichio¬ 
metric  conditions  ranging  from  Hg-saturated  to  Te- 
saturated  conditions.  Subsequent  to  the  anneals,  the 
ampoules  containing  the  samples  were  air  cooled  to 
room  temperature.  Hall  effect  and  resistivity  mea¬ 
surements  were  carried  out  on  these  samples  to  estab¬ 
lish  the  variation  of  carrier  concentration  and  carrier 
mobility  as  a  function  of  the  partial  pressure  of  Hg 
and  arsenic  concentration  at  different  temperatures. 

Based  on  the  information  gathered  from  these  data, 
it  is  clear  that  arsenic  behaves  amphoterically  in 
MBE  grown  (Hg,Cd)Te  similar  to  its  behavior  in  LPE 
(Hg,Cd)Te^^  and  that  of  phosphorus  in  bulk  and  LPE 
material.^®'^^  At  high  concentrations  of  arsenic,  larger 
than  10^®  cm"3  and  at  annealing  temperature  of 450°C 
and  above,  the  77K  hole  concentration  in  the  cooled 
crystals  is  less  than  the  total  arsenic  concentration, 
suggesting  that  the  crystals  are  well  compensated  par¬ 
ticularly  at  low  Hg  pressures.  The  behavior  of  arsenic 
as  an  acceptor  at  high  Hg  pressures  and  as  a  donor  at 
low  Hg  pressures  is  also  deduced  from  the  results. 

FILM  GROWTH  AND  ARSENIC  ANALYSIS 

All  the  (Hg,Cd)Te  epitaxial  layers  were  grown  at 
University  of  Illinois  at  Chicago.  The  details  of  growth 
have  already  been  published  elsewhere^^"^^  and  will 
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Fig.  2.  Temperature  dependence  of  the  hole  concentration  and  hole  mobility  in  film  1152  containing  4x10^^  cm-^  of  arsenic. 


not  be  repeated  here.  The  composition  of  the 
Hgj_^Cd^Te  layers  in  this  work  corresponds  to  X  =  0.2 1 
to  X  =  0.23.  The  arsenic  concentration  in  the  films  was 
varied  from  10^®  cm"^  to  10^®  cm~^.  The  concentration 
of  arsenic  in  the  films  was  confirmed  via  SIMS  analy¬ 
sis  at  Charles  Evans  Associates,  Redwood  City,  CA. 
Table  I  summarizes  the  compositions  and  the  arsenic 
concentrations  in  the  films  deduced  from  the  SIMS 
analysis.  Secondary  ion  mass  spectroscopy  analysis 
data  of  arsenic  concentration  for  two  of  the  samples  as 
a  function  of  depth  into  the  film  are  shown  in  Fig.  1. 
From  the  results  shown  in  the  figure,  the  doping 
uniformity  in  the  films  appears  to  be  satisfactory. 

ELECTRICAL  DATA 

Figure  2  shows  the  p-type  carrier  concentration  and 
carrier  mobility  measured  as  function  of  temperature 
from  30  to  300K  at  various  magnetic  fields  for  samples 
(offilm  1152  with3. Ox  10^®  cm-^  arsenic)  which  turned 
p-type  after  annealing  at  different  temperatures  and 
partial  pressures  of  Hg. 

Figures  3  through  5  summarize  the  77K  hole  con¬ 
centration  as  a  function  of  partial  pressures  of  Hg  at 
T  =  400  to  500°C  in  films  1150,  1152,  and  1160  with 
arsenic  concentrations  ranging  from  5  x  10^®  cm"^  to 
1  X  10^®  cm-^. 

Figure  6  presents  the  77K  hole  mobility  data  as  a 
function  of  the  hole  concentration  for  various  arsenic 
doped  samples  annealed  under  different  conditions; 
data  for  undoped  crystals  along  with  calculations 
based  on  impurity  and  lattice  scattering^^’i"^  are  also 
shown. 


Film  1150 

18 

Aq  rnf  ir>n  *^vin 


10"^  10"’  10°  io’ 

Hg  Partial  Pressure  (atm) 


Fig.  3.  77K  hole  concentration  as  a  function  of  the  partial  pressure  of 
Hg  for  film  1150  containing  5  x  10^®  cm-®  of  arsenic  subsequent  to 
equilibration  at  400  to  500°C. 

DISCUSSION 

Results  of  hole  concentration  as  a  function  of  tem¬ 
perature  of  measurement  from  30  to  300K  in  samples 
of  film  1152  with  4.0  x  10^^  cm~^  indicate  that  all  the 
electrically  active  arsenic  is  ionized  at  77K  in  the 
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Film  1152 


19 

As  Concentration  4x10  cm 


Hg  Portia!  Pressure  (atm) 

Fig.  4.  77K  hole  concentration  as  a  function  of  the  partial  pressure  of 
Hg  for  film  1152  containing  4  x  10^9  cm-^  of  arsenic  subsequent  to 
equilibration  at  400  to  500°C. 


77K  Hole  Concentration  (cm*^) 

Fig.  6.  77K  hole  mobility  as  a  function  of  77K  hole  concentration  in 
arsenic  doped  MBE  films  (large  symbols),  undoped  LPE  films^®-''^ 
(small  symbols)  and  calculated  values  assuming  ionizing  impurity 
scattering  and  lattice  scattering.^®  MBE  samples:  A  400°C,  lO^®  cm-® 
As,  T  400°C  4  X  10^®  cm^  As,  A  400°C  5x10^®  cm^  As,  ■  450°C, 
1  X  10®®  cm-®  As,  ♦  450°C  4  x  1 0^®  cm-®  As,  □  450°C,  5  x  10^®  cm-®  As 
•  500°C,  1x10®®  cm-®  As,  ▼  500°C,  4  x  1 0^®  cm-®  As,0  500°C,  5  x  1 0^® 
cm^  As. 


Film  1160 


As  Concentration  1x10  cm 
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Hg  Partial  Pressure  (atm) 

Fig.  5.  77K  hole  concentration  as  a  function  of  the  partial  pressure  of 
Hg  for  film  1 1 60  containing  1x10“  cm  ^  of  arsenic  subsequent  to 

equilibration  at  400  to  500°C. _ 

samples  investigated  and  hence  77K  hole  concentra¬ 
tion  can  be  assumed  to  reflect  the  defect  state  in  the 
crystals  at  the  equilibration  temperattmes. 

Results  shown  in  Fig.  3  through  Fig.  5  indicate  that 
all  the  arsenic  doped  samples  are  p-type  after  anneals 
at  T  =  400  to  500°C  throughout  entire  region  of 
existence  of  (Hg,Cd)Te  from  Hg  saturated  to  Te  satu¬ 


rated  conditions.  The  values  of  Hg  pressure  for  Te 
saturated  conditions,  at  T  =  400°  to  500°C  were  taken 
from  previously  published  work  reported  by  one  of 
us.^’  It  is  clear  from  the  results  shown  in  Fig.  3  that  for 
film  1150  with  a  total  arsenic  concentration  of 
~5  X  10^®  cm“®,  most  of  the  arsenic  is  present  in  an 
electrically  active  form  at  400  and  450°C  with  1  to 
3  X 10^®  cm  ®  hole  concentration  at  77K.  At  500°C  at  Hg 
saturated  conditions,  film  1150  appears  to  yield  one 
hole  for  every  arsenic  atom  with  no  compensation. 
However,  as  the  Hg  pressure  is  decreased  at  500°C, 
the  77Khole  concentration  decreases  super  linearly, 
indicating  the  onset  of  compensation  from  arsenic 
donor  centers. 

Results  from  Fig.  4  for  film  1152  with  a  total  arsenic 
concentration  of  4  x  10^®  cm“®  show  the  hole  concentra¬ 
tion  to  be  much  lower  than  the  total  arsenic  concen¬ 
tration  even  at  the  highest  Hg  pressures,  indicating 
the  onset  of  compensation  by  arsenic  donors  even  at 
the  highest  Hg  pressures.  At  lower  Hg  pressures  (just 
as  with  film  1150  with  5  x  10^®  cm-®  arsenic)  the  hole 
concentration  decreases  super  linearly  with  decrease 
in  Hg  pressure  at  450  and  500°C. 

Film  1160  with  a  total  arsenic  concentration  of 
1  x  10®°  cm-®  shows  a  similar  behavior  to  that  of  films 
1 150  and  1152.  The  77Khole  concentration  in  Sample 
1160  (Fig.  5)  is  much  lower  than  the  total  arsenic 
concentration  at  all  temperatures  and  partial  pres¬ 
sures  of  Hg  with  increasing  compensation  setting  in 
at  higher  temperatures  and  lower  pressures  of  Hg.  In 
fact,  at  500°C  under  Te-saturated  conditions,  the  77K 
hole  concentration  is  only  6  x  10^®  cm-®,  a  negligible 
fraction  of  the  total  arsenic  concentration  in  the 
sample. 
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It  is  clear  from  the  results  shown  in  Fig.  3  to  Fig.  5 
that  the  compensation  by  arsenic  donor  centers  sets 
in  at  higher  arsenic  concentrations,  lower  Hg  pres¬ 
sures,  and  higher  temperatures  of  anneal.  The  77K 
hole  mobility  in  arsenic-doped  samples  appears  to  be 
similar  to  that  of  the  undoped  crystals  except  for 
samples  annealed  at  450  to  500°C  under  Te-rich 
conditions.  It  is  possible  that  at  the  higher  tempera¬ 
tures  of  anneal  pair  formation  is  less  favored  and 
isolated  multiply  ionized  centers  may  become  appre¬ 
ciable  in  concentration.  Also  at  higher  temperatures 
of  anneal  and  lower  Hg  pressures,  there  is  a  much 
higher  degree  of  compensation. 

It  is  also  to  be  noted  that  the  hole  concentration 
dependence  on  the  temperature  of  measurement  is 
much  steeper  for  Sample  1152  annealed  under  tel¬ 
lurium-saturated  conditions  compared  to  that  an¬ 
nealed  under  Hg-rich  conditions  (Fig.  2)  indicating 
that  the  Fermi  level  in  the  Te-rich  annealed  samples 
is  farther  away  from  the  valence  band  edge  than  in  the 
Hg-rich  annealed  samples.  This  fact  supports  the 
notion  that  under  Hg  deficient  conditions,  compen¬ 
sating  arsenic  donors  become  appreciable  in  concen¬ 
tration  making  the  crystals  less  p-type  and  the  Fermi 
level  to  lie  farther  away  from  the  valence  band  edge 
thus  resulting  in  a  larger  free  energy  for  complete 
electrical  activation. 

The  77K  hole  concentration  results  shown  in  Fig.  3 
through  Fig.  5  are  replotted  in  Fig.  7  through  Fig.  9 
(for  different  concentrations  of  arsenic  at  a  fixed 
annealing  temperature  in  each  figure).  By  displaying 
the  results  in  this  format,  it  is  possible  to  present  in 
the  same  figures,  the  values  of  the  intrinsic  carrier 
concentration  and  the  hole  concentration  in  undoped 


10^2  10"^  10°  10^ 


Hg  Partial  Pressure  (atm) 

Fig.  7.  77K  hole  concentration  as  a  function  of  the  partial  pressure  of 
Hg  for  films  doped  with  various  As  concentrations  after  annealing  at  T 
=  400°C;  expected  hole  concentration  for  undoped  crystals  also 
shown. 


(Hg,Cd)Te  crystals  at  each  temperature,  arising  from 
the  presence  of  Hg  vacancy  native  acceptor  defects. 
The  intrinsic  carrier  concentration  and  the  hole  con¬ 
centration  in  the  undoped  crystals  are  derived  from 
the  mass  action  constants  K.  and  K"yjjg  established 
previously  in  literature.^^’^'^ 

From  the  results  shown  in  Fig.  7  through  Fig.  9,  it 


10"2  10"’  10°  lo’ 


Hg  Partial  Pressure  (atm) 

Fig.  8.  77K  hole  concentration  as  a  function  of  the  partial  pressure  of 
Hg  for  films  doped  with  various  As  concentrations  after  annealing  at  T 
=  450°C;  expected  hole  concentration  for  undoped  crystals  also 
shown. 


T  =  500  C 

ann 


10“^  10"’  10°  io’ 


Hg  Partial  Pressure  (atm) 

Fig.  9.  77K  hole  concentration  as  a  function  of  the  partial  pressure  of 
Hg  for  films  doped  with  various  As  concentrations  after  annealing  at  T 
=  500°C;  expected  hole  concentration  for  undoped  crystals  also 
shown. 
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Table  II.  Defect  Formation  Reactions,  Mass-Action  Relations,  Electroneutrality  Condition, 

and  Arsenic  Balance  Equation 


Reaction 
0  e'  +  h 

V"  +  2h  +  Hg(g) 


Mass-Action  Relation 

K;  =  [e']  [h  ] 

k;.  =  K]wp,. 


As"  +  Asjj  (AsjAsh  )' 


ASj  +  Asjj  — >  (ASjAsjjg) 


(ASiASnJ 

•lA-Hg)'  [As"][Asjjg 


(ASjAShJ 

[As'][ASh,] 


As'  +  Hg(g)  ^  As^^  +  Hg* 


As'  +  2h  +  Asgg  +  Hg(g) 


K  = 

""  ■  [as;]ph, 

[AShJPh. 

--  “  [As;][h  r 


2As'  +  Hg-  +  h  ^  (As,As„p'  +Hg(g) 


(ASiAsjjJ  p 

[As;r[h] 


2As'  +  Hg*  +  3h  ->  (AsAShP  +  Hg(g) 


(ASjAShJ  f 


[As;]  [hf 


ASh,+ V"  ^(As„^V„/ 


Asjjg  +  Vjjg  (As„gV„g)’ 


Electroneutrality  Condition: 


(AShjVhj) 

[(As»V^)] 


(el  +  2[  1  +  [  As;  ]  1 2[  As'  1 1  [  As;.]  +  [(As,As,/J  +  [(As^V,,)'] 

=  [h]  +  [  ASjjg]  +  2[  Asjig]  +  3[  As^g]  +  [(ASjAsjjg)]  +  [(As^gYng)] 


Arsenic  Balance  Equation: 


[As[]  +  [  As^^]  +  [  Asq,g]  +  2  [(As.AsjjP']  +  [(AsjjgVfjg)']  +  [Asjj^l  +  [ 


+  [  Asjjg]  +  [(ASiAs„g)]  +  [(As  V  )•]  =  [Ast„^,] 
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Table  in.  Variations  of  Defect  Concentrations  as  a  Function  of  and/or  Arsenic  Concentrations  for 

Various  Approximations  to  the  Electroneutrality  Condition  and  Arsenic  Balance  Equation 

Type  of  Defect  and  Approximation  to  the 

[  ]  (X  p^g 

the  Electroneutrality  Condition  and  Arsenic  Balance  Equation 

r 

s 

1.  [h] » [As;]  = 

0 

+1 

[e'] 

0 

-1 

v;. 

-1 

-2 

As'' 

0 

0 

+1 

+1 

-1 

+3 

Asng 

-1 

+4 

Asng 

-1 

+5 

LSjASgP] 

-1 

+5 

[(As^Ash/] 

-1 

+3 

-2 

+1 

[(As„,V„p] 

-2 

+3 

2.  [h]  =  [As;,] . 

0 

+1 

[e'] 

0 

-1 

v;g 

-1 

-2 

As; 

-1 

+1 

[As;'] 

-1 

0 

.^Hg, 

-2 

+3 

ASfig 

-2 

+4 

AsHg 

-2 

+5 

[(ASjAsjjP] 

-3 

+5 

[(ASjASjjP'] 

-3 

+3 

[(Ash^Vj^)'] 

-3 

+1 

[(As„.V„J]  .  , 

-3 

+3 

3.  (ASjAsjjP]  = 
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is  clear  that  at  400°C  all  the  arsenic-doped  samples 
with  total  arsenic  in  excess  of  5  x  10^®  cm~^  have  higher 
hole  concentration  than  in  undoped  crystals  through¬ 
out  the  entire  existence  region  of  (Hg,Cd)Te.  At  450°C, 
all  the  samples  appear  to  be  more  p-type  than  the 


undoped  crystals  at  partial  pressures  of  Hg  slightly 
higher  than  corresponding  to  Te-saturated  condi¬ 
tions.  At  500°C,  samples  1152  and  1  160  with  total 
arsenic  concentration  of  4  x  10^^  cm"^  and  1  x  10^®  cm-^, 
respectively,  have  lower  hole  concentration  than  the 
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undoped  crystals  at  all  partial  pressures  of  Hg,  and 
Sample  1150  with  5  x  10^®  cm-^  of  arsenic  is  more  p- 
type  than  the  undoped  crystals  at  PHg>l  and  less 
p-type  at  PHg<l 

The  results  shown  in  Fig.  7  through  Fig.  9  also 
indicate  that  the  film  1150  containing  5  x  10^®  cm“^ 
arsenic  is  more  p-type  at  77K  than  the  film  1152 
containing  4  x  10^^  cm"^  arsenic  at  all  Hg  pressures 

*The  quasichemical  approach  pioneered  by  Kroger  and 
Vink^®  forms  the  basis  for  our  defect  analysis.  This  approach 
has  successfully  predicted  the  defect  situation  in  several  II- 
and  IV-VI  compounds.25-27  A  large  number  of  other 
examples  of  the  application  of  the  approach  can  be  found  in 
Kroger’s  book.^^  The  defect  notations  used  in  this  paper  are 
also  from  Ref.s  18  and  28,  according  to  which  the  subscript 
denotes  the  lattice  site  occupied  and  superscript  denotes 
the  effective  charge.  Superscript  cross  x  stands  for  a  neutral 
charge,  dash  (-)  for  an  effective  negative  charge  and  a  dot  ( • ) 
for  an  effective  positive  charge.  Thus,  As".and  As  stand 
for  As  in  interstitial  and  Hg  lattices  with  a  double  negative 
effective  charge  and  a  double  positive  effective  charge, 
respectively. 

Square  brackets  ([  ])  denote  concentration  in  terms  of  site 
fraction  which  is  given  by  the  ratio  of  number  of  defects,  cm-®  to 
the  total  number  of  lattice  sites,  cm-®.  By  this  definition, 
[Hg'^jj^]  =  1  since  most  of  the  Hg  lattice  sites  are  occupied. 


after  anneals  at  400-500°C.  Film  1160  containing 
1  X  10^®  cm“^  arsenic  appears  to  have  hole  concen¬ 
tration  which  is  intermediate  between  those  of  films 
1150  and  1152  containing  5  x  10^®  cm-^  and  4  x  10^®  cm-^ 
of  As,  respectively. 

While  attempting  to  find  an  explanation  for  the 
experimental  results,  the  possibility  of  reaching  solu¬ 
bility  limit  for  arsenic  particularly  at  the  10^®  cm"^ 
concentration  levels  also  needs  to  be  considered. 

Data  in  Fig.  6  indicate  that  the  arsenic  doped 
samples  containing  arsenic  on  the  order  of  4  x  10^®  cm-^  to 
10^^  cm-^  but  with  hole  concentration  less  than  10^^ 
cm-3  show  mobilities  much  lower  than  those  in  undoped 
samples  with  the  same  hole  concentration  but  con¬ 
taining  only  Hg  vacancies.  Obviously  the  heavily 
arsenic  doped  samples  are  well  self-compensated  and 
the  hole  concentration  is  a  negligible  fraction  of  the 
total  arsenic  concentration  in  the  samples. 

A  qualitative  model  which  can  explain  the  ex¬ 
perimental  results  reported  in  this  paper  requires  the 
dominance  of  arsenic  in  interstitial  sites  acting  as 
singly  ionized  acceptors  for  concentrations  of  up  to  2 
to  5  X 10^^  cm-3  at  high  Hg  pressures.  At  higher  arsenic 
concentrations,  compensation  by  arsenic  donor  spe¬ 
cies  sets  in.  The  compensating  donor  species  (As.ASjjg)‘ 
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are  deduced  to  be  comprised  of  singly  ionized  arsenic 
in  interstitial  sites  paired  with  doubly  ionized  arsenic 
on  Hg  lattice  sites. 

At  still  higher  arsenic  concentrations,  we  begin  to 
see  the  dominance  of  arsenic  acceptor  species  {AsAs^^Y 
comprised  of  doubly  ionized  As  in  interstitial  sites 
paired  with  singly  ionized  As  on  Hg  lattice  sites. 

Figure  10  shows  schematically,  the  dominance  of 
the  different  arsenic  species  as  a  function  of  the 
partial  pressure  of  Hg  and  arsenic  concentration  in 
the  crystals  at  T  =  400°C.  This  figure,  referred  to  as 
the  range  boundary  diagram,  shows  the  dominant 
arsenic  species  in  different  ranges  of  electroneutrality 
approximation.*  Thus,  range  1  where  [h  ]  «  [As'.]  ~ 
[As^J  »  [As'tJ,  [e'j,  [V'^g]  indicates  that  h-  and  As', 
are  comparable  in  concentration  and  are  much  higher 
in  concentration  compared  to  As'^^,  As  e',  V"jjg  etc., 
whereas  in  range  2  where  [As'^J  ~  [(As.ASjjg)  ] « [As^  J/2, 
these  two  arsenic  species  are  comparable  in  con¬ 
centration  and  are  higher  in  concentration  compared 
to  any  other  electrically  active  species  such  as  e',  h , 
As  ,pg,  As  V  jjg,  etc. 

Table  II  shows  the  relevant  defect  formation  re¬ 
actions  and  mass  action  constants  for  the  formation  of 
defects  shown  in  Fig.  10.  Table  III  shows  the  variation 
of  the  various  As  species,  native  defect  species,  [e'j 
and  [h]  in  forms  of  p^^  [As^J"  when  the  electro¬ 
neutrality  condition  and  the  As  charge  balance  equa¬ 
tion  shown  in  Table  II  are  approximated  by  only  the 
dominant  members. 

Expressions  for  the  range  boundaries  in  Fig.  10  are 
obtained  by  equating  expressions  for  the  concentration 
of  any  one  of  the  species  in  the  two  adjacent  ranges 
and  are  summarized  in  Table  IV  in  terms  of  the  mass 
action  constants  defined  in  Table  II,  Pjj  and  As^^^. 

In  arriving  at  the  qualitative  model  Ihown  in  Fig. 
10,  we  have  not  included  the  results  on  film  1160  with 
arsenic  concentration  at  1  x  10^®  cm*^.  The  fact  that 
this  film  shows  hole  concentration  which  is  interme¬ 
diate  between  that  of  films  1150  and  1152  containing 
arsenic  concentrations  of  5  x  10^®  cm"^  and  4  x  10^^  cm“^ 
cannot  be  explained  by  our  model.  We  could  come  up 
with  no  satisfactory  model  which  explains  the  data  for 
film  1160.  It  is  probable  that  at  arsenic  concentration 
of  10^®  cm“^,  the  solubility  limit  is  reached  at  400  to 
500°C;  presence  of  arsenic  as  second  phase  in  the  film 
may  give  rise  to  anomalous  electrical  data.  Addition¬ 
ally,  impurity  band  conduction  may  become  an  issue 
at  such  high  arsenic  concentrations.  More  work  needs 
to  be  done  to  sort  out  these  questions. 

Excluding  the  data  on  film  1160  with  arsenic  con¬ 
centrations  of  10^^  cm"^,  the  data  on  films  containing 
arsenic  ranging  from  10^®  cm-3  to  4  x  10^®  cm“^  can  be 
qualitatively  explained  with  the  defect  model  shown 
in  Fig.  10. 

At  arsenic  concentrations  below  5  x  10^®  cm"^  at 
moderate  to  high  Hg  pressures  the  electroneutrality 
condition  is  dominated  by  arsenic  present  as  accep¬ 
tors  in  interstitial  and  Te  lattice  sites  as  denoted  by 
ranges  (2)  and  (1)  in  Fig.  10.  The  dependences  of  the 
various  defects  including  electrons  and  holes  at  the 


Table  IV.  Expressions  for  Range 
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Fig.  10.  Schematic  range  diagram  for  arsenic  doped  (Hg,Cd)Te 
showing  dominance  of  different  arsenic  species  at  different  con¬ 
centrations  of  As  and  various  partial  pressures  of  Hg. 


high  temperature  are  shown  in  Table  III.  As  the 
partial  pressure  of  Hg  is  decreased,  depending  on  the 
concentration  of  arsenic  present  in  the  crystals,  one 
moves  from  range  (2)  to  range  (4)  to  range  (3)  or  from 
range  (2)  to  range  (1)  to  range  (3)  (Fig.  10).  In  ranges 
(3)  and  (4),  arsenic  acceptor  centers  in  interstitial  and 
Te  lattice  sites  (As',  and  As'^^)  are  compensated  by 
donor  centers  (As Asjjg)  formed  from  the  pairing  of 
doubly  positively  ionized  arsenic  centers  occupying 
Hg  lattice  sites  (ASjj^)  with  singly  negatively  ionized 
centers  of  arsenic  in  interstitial  sites  (As'.).  The  defect 
formation  reaction  for  these  pairs  is  shown  in  Table  II 
and  the  defect  concentration  dependences  for  ranges 
(3)  and  (4)  are  shown  in  Table  III. 

At  very  high  arsenic  concentrations  and  low  Hg 
pressures,  the  samples  are  extremely  heavily  com¬ 
pensated  with  negatively  ionized  pairs  (As  Asjjg)'  com- 
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pensatingthe  positively  ionized  pairs  (As.ASjjP  (range 
(5),  (Fig.  10).  It  is  to  be  noted  that  the  pairs  (As  AshP' 
are  formed  from  Asf  and  Asjj^.  Table  I  shows  the 
defect  formation  reaction  for  these  pairs  and  Table  III 
shows  the  defect  concentration  dependence  on  partial 
pressure  of  Hg  and  total  arsenic  concentration  for 
range  (5). 

As  can  be  noted  from  Fig.  10,  at  low  to  moderate  Hg 
pressures  as  the  concentration  of  arsenic  is  increased, 
we  move  from  range  (1)  to  range  (3)  to  range  (5). 

It  is  to  be  noted  that  the  defect  situation  shown 
schematically  in  Fig.  10  holds  good  for  all  anneal 
temperatures  in  the  current  study,  with  the  range 
boundary  dependence  on  arsenic  concentration  and 
partial  pressure  of  Hg  as  shown  in  the  figure.  How¬ 
ever,  the  actual  concentrations  of  arsenic  and  partial 
pressure  of  Hg  at  which  the  ranges  will  dominate  will 
vary  with  temperature  of  anneal. 

A  complete  defect  model  which  quantitatively  ex¬ 
plains  all  the  experimental  data  will  have  to  consider 
the  complete  electroneutrality  condition  and  the  com¬ 
plete  As  balance  equation  similar  to  what  was  demon¬ 
strated  by  us  previously  for  (Hg,Cd)Te  doped  with 
indium,^^  iodine^®  and  phosphorus^®  and  will  be  pub¬ 
lished  elsewhere.®^ 

SUMMARY 

Variation  of  the  77K  hole  concentration  on  the 
partial  pressure  of  Hg  and  total  arsenic  concentra¬ 
tion,  subsequent  to  equilibration  at  400'-500°C,  con¬ 
firms  the  amphoteric  behavior  of  arsenic  in  heavily 
doped  (Hg,Cd)Te  samples.  A  tentative  mechanism  of 
incorporation  is  proposed  which  requires  its  presence 
in  interstitial  and  Te  lattice  sites  as  isolated  and 
paired  species. 
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Status  and  Application  of  HgCdTe  Device  Modeling 
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In  this  article,  device  modeling  refers  to  numerical  simulation  of  semiconductor 
device  physics  to  predict  electrical  behavior.  The  silicon  integrated  circuit 
industry  provides  the  example  for  the  use  of  technology  computer-aided  design 
to  simulate  wafer  fabrication  processes,  and  the  electrical  performance  of  devices 
and  circuits.  This  paper  first  reviews  semiconductor  device  modeling  in  general, 
then  as  applied  in  work  supporting  the  development  and  analysis  of  HgCdTe 
infrared  detectors.  Example  applications  of  one-  and  two-dimensional  device 
modeling  are  simulation  of  a  bias-selectable,  integrated  two-color  detector,  and 
two-dimensional  effects  on  the  spectral  response  of  a  HgCdTe  detector  with 
composition  grading. 

Key  words:  HgCdTe,  infrared  detectors,  semiconductor  device  modeling 


INTRODUCTION 

Device  Modeling  in  the  Si  Integrated  Circuit 
Industry 

Because  of  the  complicated  and  expensive  fabri¬ 
cation  process,  numerical  simulation  has  become  a 
critical  tool  for  the  development  of  silicon  integrated 
circuits  (IC).^'^  The  inherent  two-dimensional  (2D) 
nature  of  metal-oxide-silicon  field-effect  transistors, 
as  well  as  their  small  scale  and  proximity  in  modern 
high-density  ICs,  require  numerical  modeling  of  the 
fabrication  process  and  device  behavior  in  two  or 
three  dimensions  (3D).  This  modeling  is  known  as 
technology  computer-aided  design  (TCAD)  in  the  sili¬ 
con  IC  industry,  and  encompasses  numerical  simula¬ 
tion  of  wafer  fabrication  and  device  performance.^ 
Examples  of  these  models  include  SUPREM  for  sili¬ 
con  process  modeling  and  PISCES  for  device. 

The  TCAD  sequence  in  IC  design  is  to  simulate  the 
fabrication  process  and  use  the  resulting  geometric 
dimensions  and  doping  distributions  to  specify  the 
input  parameters  to  a  device  simulator.  For  a  given 
device,  the  simulator  generates  a  set  of  current- 
voltage  characteristics  that  are  fit  to  analytic  expres¬ 
sions  by  parameter  extraction.  The  analytic  expres¬ 
sions,  with  parameters  specific  to  a  device  and  pro- 
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cess,  are  then  used  in  a  circuit  simulator  to  analyze 
the  affect  of  process  variations  on  IC  performance. 

In  the  context  of  this  paper,  device  modeling  refers 
to  computer-aided  simulation  of  semiconductor  de¬ 
vice  physics  to  predict  electrical  behavior.  This  is  in 
contrast  to  the  analytical  device  models  that  are 
intended  to  approximate  device  electrical  character¬ 
istics  in  a  computationally  efficient  manner  for  use  in 
circuit  simulators. 

HgCdTe  Detector  Modeling 

Major  reasons  for  the  development  of  Hg^  ^Cd^Te 
infrared  (IR)  detectors  are  the  ability  to  tune  the 
spectral  response  by  adjusting  the  CdTe  mole  fraction 
x,^  as  well  as  the  enhanced  device  performance  made 
possible  by  heterojunctions. ^  The  optimization  of  the 
heterojunction  device  requires  careful  engineering, 
because  the  composition  grading  at  the  p-n  junction 
can  interact  with  the  doping  profile  to  form  a  barrier 
to  collection  of  photogenerated  minority  carriers.^ 

Initial  research  concentrated  on  the  parameters 
affecting  the  height  of  the  barrier  and  examined  the 
equilibrium  case  of  no  diode  bias  or  photocurrent.^"'^ 
Simulations  using  the  HgCdTe  detector  model  HET 
III,  showed  that  the  effects  of  a  barrier  on  detector 
quantum  efficiency  were  less  than  that  predicted  by 
the  Boltzmann  factor  of  exp(-E3/kT),  where  Eg,  is  the 
height  of  the  barrier,  k,  the  Boltzmann  constant,  and 
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T,  the  temperature.® 

In  1984-1987,  the  Materials  Laboratory  of  the  Air 
Force  Wright  Aeronautical  Laboratories  sponsored 
the  Manufacturing  Science  Program  for  Enhanced 
Yield  of  HgCd  Te  Detector  Arrays  at  the  Santa  Bar¬ 
bara  Research  Center  (SBRC)  of  the  Hughes  Aircraft 
Company.  The  purpose  of  this  program  was  to  estab¬ 
lish  a  science  base  for  technologies  considered  critical 
to  the  manufacturing  of  photovoltaic  HgCdTe  detec¬ 
tor  arrays.  A  major  task  was  to  develop  a  device 
physics  model  for  HgCdTe  detectors  with  spatially 
varying  composition. 

The  effort  was  a  collaboration  between  SBRC  and 
Professor  R.W.  Dutton  of  Stanford  University.  The 
approach  was  to  enhance  SEDAN  IIP  and  PISCES 
IIB^io,n  silicon  device  models  developed  by  Profes¬ 
sor  Dutton’s  group,  to  allow  simulation  of  graded 
composition  HgCdTe  devices.  The  results  of  this  work 
are  the  one-dimensional  ( ID)  detector  model  HET  III, 
based  on  SEDAN  III,  and  the  2D  model  SABIR,  based 
on  PISCES  IIB.  The  source  code  for  these  models  was 
delivered  to  the  Air  Force  at  the  conclusion  of  the 
Manufacturing  Science  Program,  and  both  HET  III 
and  SABIR  are  being  used  by  a  number  of  Depart¬ 
ment  of  Defense  laboratories  and  contractors. 

SEMICONDUCTOR  DEVICE  EQUATIONS 

In  the  most  general  view,  the  physics  of  semi¬ 
conductor  devices  are  described  by  the  Maxwell, 
Boltzmann  transport,  Schrodinger,  and  thermal  dif¬ 
fusion  equations.  To  be  useful  to  the  technologist 
developing  a  device  or  fabrication  process,  a  device 
model  must  produce  results  in  less  than  several  hours 
when  executing  on  workstation  computers .  This  forces 
one  to  include  the  minimum  amount  of  physics  consis¬ 
tent  with  the  desired  accuracy  and  computational 
speed. 

The  most  common  approach  is  to  assume  isother¬ 
mal  conditions  and  ignore  thermal  diffusion.  The 
Schrodinger  equation  is  used  only  indirectly,  and 
results  in  the  effective  mass  approximation.  Other 
simplifying  assumptions  include  parabolic  energy 
bands,  and  the  neglect  of  most  bands  except  the 
electron  and  hole  bands  at  the  fundamental  energy 
gap.  For  the  device  model,  the  most  important  quan¬ 
tities  from  this  treatment  are  the  energy  levels  and 
densities  of  states  used  in  carrier  and  impurity  level 
statistics. 

For  most  semiconductor  devices,  magnetic  field 
effects  are  negligible,  and  only  Poisson’s  equation  is 
treated: 

V2(ev)  =  -q(p-n  +  N^  -  N- )  -  p^.  (1) 

The  dependent  variables  in  Eq.  (1)  are  the  elec¬ 
trostatic  potential,  \|/,  and  the  electron  and  hole  den¬ 
sities,  n  and  p.  Parameters  are  e  the  static  permittiv¬ 
ity,  Nq  and  N'  the  concentrations  of  ionized  donors 
and  acceptors,  and  p^,  any  other  fixed  charge  such  as 
those  at  insulator  interfaces,  while  q,  is  the  elemen¬ 
tary  charge.  This  equation  is  highly  nonlinear  due  to 
the  coupling  of  the  carrier  densities  with  \|/  through 


their  distribution  functions. 

The  Boltzmann  transport  equation  (BTE)  describes 
the  nonequilibrium  distribution  of  carriers  as  a  func¬ 
tion  of  time  and  their  position  and  velocity.  It  may  be 
solved  using  Monte  Carlo  methods,  but  the  usual 
approach  is  to  derive  simplified  equations  by  the 
method  of  moments. The  zero  order  moment  of  the 
BTE  gives  the  continuity  equations  for  electrons  and 
holes, 

|  =  J.-U(n),|  =  -iv.3.-U(p).  (2) 

where  and  Jp  are  the  electron  and  hole  current 
densities,  and  U(n)  and  U(p),  the  net  electron  and  hole 
recombination  rates.  The  moments  of  the  carrier 
velocities  give  the  drift-diffusion  equations, 

J„  =  qn^i„F  +  qV(D„n),Jp  =qpu/-qV(Dpp),(3) 

where  \x^  and  Pp  are  the  carrier  mobilities,  D^  and  D^, 
their  diffusion  coefficients,  and  F,  the  electrostatic 
field.  With  the  assumption  that  the  electrostatic  field 
is  sufficiently  low  to  ignore  energy  gain  by  the  carri¬ 
ers,  and  the  neglect  of  Joule  heating,  Eq.  (l)-(3)  form 
the  most  common  set  of  equations  used  to  describe 
semiconductor  devices.  Selberherr^®  reviews  in  detail 
the  derivation,  discretization  and  numerical  solution 
of  these  equations. 

The  value  of  the  electrostatic  potential  is  arbitrary 
within  a  constant,  and  for  homogeneous  semiconduc¬ 
tors,  it  is  conventional  to  equate  it  to  the  intrinsic 
Fermi  level.^®  For  heterojunctions,  it  is  more  appro¬ 
priate  to  identify  the  electrostatic  potential  with  the 
local  vacuum  level,®  and  specify  band  alignments 
through  the  spatially  dependent  electron  affinity, 

Other  differences  between  simulations  of  ho¬ 
mogeneous  and  heterogeneous  semiconductors  are 
that  the  material  parameters  vary  with  positions, 
and  the  electric  field,  F=-V\[/,in  Eq.  (3)  must  be 
replaced  by  -VE^  or  ^VE^,  the  gradients  of  the 
conduction  or  valence  band  edges.^^  Besides  %,  the 
position-dependent  material  parameters  are  the  band 
gap  energy,  the  permittivity,  and  the  densities  of 
states  for  electrons  and  holes.  The  mobilities,  diffu¬ 
sion  coefficients,  and  recombination  rates  are  treated 
as  position-dependent  in  both  homogeneous  and  het¬ 
erogeneous  semiconductors,  because  they  vary  with 
doping,  carrier  concentration,  or  electric  field.  Mobil¬ 
ity  values  are  determined  either  through  lookup  ta¬ 
bles,  or  anal3d:ic  functions,  while  D^  and  Dp  are  related 
to  and  p  by  the  Einstein  relation. 

SEDAN®  and  PISCES^®’^^  numerically  solve  the 
device  equations  under  steady-state  and  time-tran¬ 
sient  conditions  for  \|/,  n,  and  p  subject  to  several 
boundary  conditions.  These  include  steady-state  or 
time-varying  currents  or  voltages  at  electrical  con¬ 
tacts,  fixed  carrier  concentrations  at  ohmic  contacts, 
and  recombination  velocities  at  surfaces,  interfaces, 
or  Schottky  contacts. 

Recombination  rates  include  Shockley-Read-Hall, 
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)/(cT^[n  +  Hi  ]  +  fcrp[  p  +  PiJ)  (4) 
ni=  N,e  Pi=  N^e-(\-\«  (5) 

radiative, 

B(np  -  nf  ),  (6) 

and  Auger, 

(c^n  +  CppXnp  -  nf),  (7) 

where  c^,  B,  c^,  and  Cp  are  material  or  doping 
dependent  parameters,  and  N^,  the  conduction 
and  valence  band  densities  of  states,  and  the 
conduction  and  valence  band  energies,  and  E^,  the 
trap  energy.  In  present  versions,  c^,  c^  may  spatially 
vary  with  doping,  but  the  radiative  and  Auger  recom¬ 
bination  coefficients  are  constants.  Note  that  there  is 
no  explicit  carrier  lifetime  in  this  formulation. 

Derived  quantities  include  the  electrostatic  field, 
currents  and  voltages  at  electrical  contacts,  energy 
bands,  quasi-Fermi  levels,  current  densities,  and  re¬ 
combination  rates.  PISCES  also  allows  lumped  resis¬ 
tors  and  capacitors  to  be  attached  to  contacts,  and, 
after  obtaining  a  solution,  an  optional  perturbation 
analysis  can  derive  the  AC  admittance  between  any 
two  terminals. 

As  enhanced  versions  of  SEDAN  and  PISCES,  HET 
III  and  SABIR  retain  all  the  capabilities  of  their 
predecessors.  SEDAN  has  heterojunction  capabili¬ 
ties  and  can  model  silicon,  GaAlAs,  and  HgCdTe 
devices.  Additional  capabilities  of  the  HET  III  version 
in  use  at  SBRC  include: 

•  analytic  expressions  for  specification  of  HgCdTe 
composition  profiles 

•  specification  of  HgCdTe  composition  profiles 
through  tabular  data  in  files 

•  InSb  material  parameters 

•  ability  to  specify  material  parameters  for  a  gen¬ 
eral  semiconductor  in  the  input  file 

•  multiple  semiconductor  types  in  one  simulation 
(abrupt  heterojunctions  only) 

•  photogeneration  due  to  monochromatic  radia¬ 
tion 

•  quantum  efficiency  as  a  function  of  wavelength 
at  a  fixed  bias,  or  as  a  function  of  bias  at  a  fixed 
wavelength  for  InSb  and  HgCdTe  diodes 

•  band-to-band  tunneling  across  InSb  and  graded- 
composition  HgCdTe  p-n  junctions. 

After  obtaining  a  solution,  HET  III  calculates  the 
band-to-band  tunneling  current  in  a  HgCdTe  or  InSb 
diode  by  numerically  integrating  the  expression  given 
by  Anderson.  The  method  accounts  for  varying 
HgCdTe  composition  across  the  p-n  junction,  but  is 
limited  to  low  currents  because  it  not  incorporated 
into  the  device  equations. 

SABIR  is  based  on  a  1985  version  of  PISCES  IIB 
that  is  limited  to  homogeneous  semiconductor  mate¬ 
rials.  The  major  differences  between  the  two  are 
SABIR’s  ability  to  model  graded-composition  HgCdTe 
devices  and  the  inclusion  of  photogeneration.  The 


incident  photon  flux  is  normally  incident,  may  be 
defined  by  an  optical  aperture  and  have  a  uniform  or 
Gaussian  intensity  distribution  in  the  lateral  direc¬ 
tion. 

APPLICATIONS 

At  SBRC,  we  have  used  HET  III  and  SABIR  to 
understand  the  physics  of  devices,  and  as  tools  for  the 
development  and  design  of  detectors  and  detector 
arrays.  A  partial  list  of  applications  includes: 

•  effects  of  cap  composition  and  base  doping  on 
quantum  efficiency  of  graded  heterojunction 
HgCdTe  detectors® 

•  design  and  development  of  a  bias-selectable,  in¬ 
tegrated  two-color  detector 

•  analysis  of  high  speed  HgCdTe  heterojunction 
bipolar  junction  transistor^"^ 

•  physics  of  epitaxial  CdTe  passivation  interface 
with  HgCdTe 

•  optical  area  of  gate-controlled  InSb  diodes 

•  effects  of  composition  grading  in  HgCdTe 
photoconductors 

•  calculation  of  optical  area,  crosstalk,  and  line 
spread  and  modulation  transfer  functions  of  de¬ 
tector  arrays. 

HET  III  Applications 

As  previously  mentioned  in  the  introduction,  an 
early  application  of  HET  III  was  a  study  of  the 
quantum  efficiency  in  heterojunction  HgCdTe  photo¬ 
voltaic  detectors.®  One  conclusion  of  the  study  was 
that  in  steady  state  a  4.5kT  barrier  degraded  quan¬ 
tum  efficiency  by  a  factor  of  0.5,  which  gives  signifi¬ 
cantly  less  decrease  than  predicted  by  the  Boltzmann 
factor,  exp(-4.5)  =  0.011.  The  explanation  is  that  the 
rate  of  minority  carrier  holes  escaping  over  a  barrier 
of  height  Eg  is  proportional  to  p^  exp(-Eg/kT),  where  p^ 
is  the  minority  carrier  concentration  in  the  n-type 
region.  In  the  presence  of  steady  state  illumination, 
the  barrier  impedes  collection  of  photogenerated  holes 
and  causes  an  increase  in  p^  over  the  same  situation 
without  a  barrier.  The  exact  value  of  the  increase  in  p^ 
is  dependent  on  the  barrier  height,  the  photon  fliox, 
minority  carrier  lifetime,  and  temperature. 

An  important  device  for  the  next  generation  of  IR 
focal  plane  arrays  is  an  integrated,  dual-band  photo¬ 
voltaic  detector. ^®“2^  In  one  variation,  it  consists  of  an 
n-p+-n  structure  in  which  one  of  the  n-type  layers  is 
mid- wavelength  IR  (MWIR)  absorbing,  and  the  other, 
long  wavelength  IR  (LWIR).  The  structure  is  verti¬ 
cally  integrated  by  inverting  the  sequence  of  the  p"^ 
and  n  layers  in  an  LWIR  p+-on-n  diode,  and  merging 
its  p+  layer  with  that  of  the  MWIR  diode.  The  IR 
radiation  is  incident  from  the  side  with  the  MWIR 
detector,  which  absorbs  the  MWIR  flux  and  transmits 
the  LWIR.  A  similar  structure  has  been  fabricated  in 
InGaAsP  heterostructures  for  wavelengths  in  the 
0. 9-1.6  pm  range.^® 

If  electrical  contact  is  made  to  all  three  layers,  it  is 
possible  to  detect  simultaneously  in  two  spectral 
bands.2®  A  difficulty  with  this  approach  for  IR  focal 
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Fig.i .  Schematic  cross  section  of  bias-selectable,  integrated  two-color 
detector. 
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Fig.  2.  Measured  spectral  responsivity  (A/W),  normalized  to  a  peak 
value  of  1 ,  for  a  HgCdTe,  two-color  detector  with  zero  (circles)  and  200 
mV  (diamonds)  bias  applied  to  LWIR  contact.  Solid  and  dashed  curves 
are  calculated  with  MET  III  using  experimentally  measured  composi¬ 
tion  and  arsenic  profiles. 


plane  arrays  has  been  the  requirement  of  at  least  two 
electrical  contacts  within  each  pixel,  which  can  result 
in  the  optical  area  being  significantly  less  than  the 
unit  cell.  An  alternative  approach  leaves  the  middle 
p+  layer  electrically  floating,  and  detects  either  LWIR 
or  MWIR  radiation,  depending  on  the  polarity  of  the 
electrical  bias  applied  between  the  contacts  to  the  two 
n-type  layers  (Fig.  1).  The  polarity  of  device  bias 
selects  the  detected  wavelength  band,  because  only 
the  reverse-biased  diode  is  optically  active.  Advan¬ 
tages  of  this  approach  are  the  need  for  only  one 
electrical  contact  within  each  pixel  and  compatibility 
with  existing  readout  integrated  circuits. 

Despite  its  apparent  simplicity,  the  bias-selectable 
version  requires  carefull  engineering  to  achieve  good 
spectral  selectivity.  Unless  suppressed  by  proper  choice 
of  doping  and  composition  at  the  two  p+-n  junctions, 
bipolar  junction  transistor  gain  can  cause  unwanted 
sensitivity  to  wavelengths  outside  the  selected  wave- 
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Fig.  3.  Two-dimensional  cross  section  of  a  backside-illuminated  HgCdT e 
mesa  diode  with  vertical  composition  profile  shown  in  Fig.  4.  The 
curves  plotted  along  the  right  and  top  scales  are  the  photogeneration 
rates  at  4  and  9  [im  with  incident  photon  fluxes  of  5x10^®  cm-^  s-^  The 
two  shaded  bands  indicate  the  horizontal  boundaries  where  1 0  and  90 
percent  of  the  total  photogeneration  occurs  at  each  wavelength. 


length  band. 

Simple  modeling  of  the  Hg-Cd  interdiffusion  dur¬ 
ing  liquid-phase-epitaxy  growth  and  detector  fabrica¬ 
tion  has  been  very  useful  in  the  development  of  the 
triple-layer  structure.  The  HgCdTe  growth  and  Hg- 
Cd  interdiffusion  calculations  followed  the  method  of 
Zanio  and  Massopust^^  and  used  the  diffusion  con¬ 
stants  reported  by  Tang  and  Stevenson.^^  Together 
with  HET  III  device  modeling,  the  growth  and  inter¬ 
diffusion  modeling  allowed  rapid  evaluation  of  the 
effects  of  various  initial  and  final  growth  parameters 
for  the  top  and  middle-layers. 

Figure  2  shows  the  relative  spectral  response  of  a 
two-color  detector  fabricated  in  layers  from  the  sec¬ 
ond  set  of  growths  guided  by  the  modeling.  The 
growth  parameters  in  the  second  set  were  slightly 
adjusted  to  account  for  the  differences  between  the 
simulated  and  measured  composition  profile.  The 
spectral  response  shows  low  MWIR  response  in  the 
LWIR  detection  mode,  the  condition  most  susceptible 
to  the  undesirable  effects  of  transistor  gain.  The  HET 
III  calculations,  based  on  the  measured  composition 
and  As  doping  profiles,  are  in  good  agreement  with 
the  experimental  data. 

SABIR  Applications 

We  have  used  2D  device  simulations  with  SABIR 
mostly  for  the  analysis  of  optical  area  and  crosstalk  in 
detector  arrays.  Another  application  was  in  calculat¬ 
ing  the  optical  area  of  gated  InSb  diodes. 

The  diode  cross  section  illustrated  in  Fig.  3,  is  an 
example  that  illustrates  the  use  of  SABIR  to  analyze 
2D  effects  in  the  spectral  response  of  detectors.  The 
cross  section  represents  the  right  half  of  a  symmetric 
mesa  diode  centered  about  the  left  vertical  axis.  The 
original  wafer  surface  is  along  the  top  axis,  while  the 
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heavy  line  represents  the  HgCdTe  surface  after  for¬ 
mation  of  the  mesa.  The  region  in  the  box  enclosed 
between  depths  of  0  and  4.5  pm  and  lateral  positions 
of  5  and  60  pm  is  an  insulator.  The  grown  p+-n  junction 
of  the  diode  is  located  at  a  depth  of  2  pm  and  is  shown 
as  the  dashed  line  between  the  left  vertical  axis  and 
the  mesa  sidewall. 

The  composition  profile  is  constant  in  the  hori¬ 
zontal  direction  for  any  given  depth,  while  in  the 
vertical  direction,  the  composition  varies  as  shown  in 
Fig.  4.  The  two  curves  at  the  right  of  Fig.  3  are  the 
photogeneration  rates  as  a  function  of  vertical  depth 
for  radiation  incident  from  the  bottom  at  wavelengths 
of  4  and  9  pm.  The  magnitudes  of  the  photogeneration 
rates  are  given  by  the  top  horizontal  axis. 

Because  of  the  composition  grading  in  the  HgCdTe, 
the  photogeneration  rate  for  the  4  pm  wavelength 
peaks  close  to  the  bottom  surface,  while  that  for  the  9 
pm,  near  the  top.  The  shaded  areas  at  the  top  and 
bottom  surfaces  delineate  the  vertical  depths  be¬ 
tween  which  10  and  90  percent  of  the  total 
photogeneration  occurs  for  uniform  lateral  illumina¬ 
tion  at  the  two  wavelengths.  In  the  area  to  the  right 
of  the  mesa,  a  significant  fraction  of  the  9  pm  radia¬ 
tion  is  not  absorbed  because  of  the  HgCdTe  removed 
to  delineate  the  diode. 

Two  important  effects  determine  the  responsivity 
of  the  detector.  The  first  is  the  fraction  of  the  incident 
radiation  absorbed,  and  the  second  is  the  optical  area. 
One  of  the  factors  determining  optical  area  is  the 
amount  of  lateral  collection,  which  is  larger  for  minor¬ 
ity  carriers  created  closer  to  the  back  surface.  For  this 
reason,  there  will  be  enhanced  detector  response  to 
shorter  wavelengths.  This  effect,  as  well  as  the  loss  of 
LWIR  absorbing  HgCdTe  due  to  the  mesa  delinea¬ 
tion,  results  in  a  2D  calculation  giving  a  shorter  cutoff 
wavelength  than  a  ID.  Figure  5  compares  the  relative 
spectral  responsivity  as  calculated  in  ID  by  HET  III 
and  2D  by  SABIR. 

FUTURE  DIRECTIONS 

The  SBRC  approach  to  HgCdTe  device  modeling,  as 
established  on  the  Manufacturing  Science  Program, 
has  been  to  adapt  and  customize  the  silicon  TCAD 
tools  developed  at  Stanford  University.  Stanford  has 
discontinued  development  of  SEDAN  and  is  concen¬ 
trating  on  2D  and  3D  device  models.  The  next  PISCES 
release  should  occur  in  the  last  quarter  of  1993,  and 
is  expected  to  include  new  capabilities  such  as: 

•  heterostructures  and  multiple  semiconductor 
types  in  a  simulation 

•  hot  carriers  and  lattice  heating  with  separate 
temperatures  for  the  lattice,  electrons  and  holes, 
thermal  diffusion  in  the  lattice  and  energy  trans¬ 
port  by  carriers 

•  an  improved  AC  small-signal  analysis  technique 
that  allows  calculations  into  the  10^^  Hz  range 

•  mixed  device  and  circuit  modeling  through  an 
interface  that  allows  circuit  simulators  to  call 
PISCES  directly. 
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From  a  user’s  perspective,  PISCES  is  a  state-of-the- 
art  device  modeling  tool,  but  has  limited  plotting  and 
visualization  capabilities,  and  no  support.  It  is  dis¬ 
tributed  as  Fortran  and  C  source  code,  and,  as  a 
research  vehicle,  is  not  intended  to  meet  the  stan¬ 
dards  of  commercial  software.  Two  companies,  Tech¬ 
nology  Modeling  Associates  (Palo  Alto,  CA)  and  Silvaco 
International  (Santa  Clara,  CA),  offer  commercial¬ 
ized  versions  of  PISCES  with  various  proprietary 
enhancements.  Source  code  for  these  versions  is  re¬ 
stricted  to  certain  modules,  making  it  difficult  to 
modify.  A  third  company.  Dawn  Technologies  (Sunny¬ 
vale,  CA),  has  developed  a  new  2D  device  model  that 
is  user-extensible  and  includes  heterojunction  capabili¬ 
ties,  photogeneration  with  ray  tracing,  and  a  HgCdTe 
materials  library. 

The  Santa  Barbara  Research  Center  hopes  to  up¬ 
grade  SABIR  by  merging  its  modifications  into  the 
anticipated  new  version  of  PISCES.  Needed  improve¬ 
ments  for  the  simulation  of  HgCdTe  IR  detectors  and 
focal  plane  arrays  include  an  optical  source  distrib¬ 
uted  in  wavelength,  optical  ray  tracing  and  reflection 
from  interfaces,  transport  across  abrupt  hetero- 
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Fig.  5.  Spectral  responsivity  (A/W),  normalized  to  unity  peak  values,  as 
calculated  by  HET  III  in  1D  and  SABIR  in  2D. 
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junctions,  and  2D  tunneling.  Desired  HgCdTe-spe- 
cific  enhancements  to  SABIR  include  improved  mo¬ 
bility  models  with  dependences  on  composition,  dop¬ 
ing  and  temperature,  calculation  of  the  Auger  and 
radiative  recombination  coefficients  as  spatially  vary¬ 
ing  functions  of  composition,  and  the  effects  of 
nonparabolic  bands.  Advanced  detector  structures 
require  the  ability  to  model  anisotropic  transport, 
such  as  in  quantum  wells  and  superlattices,  and  may 
require  calculation  of  quantum  effects. 

CONCLUSION 

Numerical  device  modeling  is  necessary  for  the 
simulation  of  HgCdTe  devices  with  spatially  varying 
composition.  The  Santa  Barbara  Research  Center  has 
found  the  ID  and  2D  device  models,  HET  III,  and 
SABIR,  to  be  invaluable  tools  for  the  analysis  and 
development  of  HgCdTe,  InSb,  and  Si  photodetectors. 
In  these  applications,  the  models  are  best  suited  for 
calculations  that  include  photogeneration.  It  is  diffi¬ 
cult  to  calculate  leakage  currents  and  diode  R^A 
accurately  due  to  numerical  inaccuracies  at  small 
currents,  as  well  as  the  sensitivity  of  actual  devices  to 
uncontrolled  and  unknown  variables.  Effects  such  as 
lateral  collection,  tunneling  and  impact  ionization 
are  also  sensitive  to  variations  in  3D. 

In  the  past,  development  of  HgCdTe  models  has 
heavily  relied  on  SEDAN  and  PISCES,  simulators 
originally  developed  for  silicon  devices.  In  recent 
years,  developments  such  as  Si-Ge  and  III-V 
heterostructures  have  resulted  in  the  incorporation  of 
heterojunctions  into  PISCES.  Infrared  detectors  gen¬ 
erally  operate  at  low  currents  and  electric  fields, 
although  there  is  interest  in  p-i-n  devices  operated  at 
high  reverse  biases  for  high  speed  applications,  as 
well  as  HgCdTe  avalanche  photodiodes  in  the  1.3-1. 5 
|im  spectral  region.  The  direction  of  the  silicon  IC 
industry  is  toward  smaller  device  geometries,  and 
higher  electric  fields  and  current  densities,  where  hot 
carrier  and  energy  transport  effects  become  impor¬ 
tant.  Consequently,  the  developments  for  silicon  de¬ 
vice  models  may  diverge  from  the  interests  of  the 
HgCdTe  detector  community. 

HgCdTe  device  modeling  is  now  a  mature  field  and 
can  no  longer  rely  on  developments  intended  for  the 
silicon  industry.  There  will  be  an  increasing  emphasis 
on  capabilities  specific  to  the  needs  and  physics  of 
HgCdTe-based  devices.  Finally,  to  be  of  maximum 
utility,  device  simulators  must  be  used  in  conjunction 
with  accurate  process  simulators.  The  latter  are  just 
becoming  available  and  require  fundamental 
understanding  of  the  physics  and  chemistry  of  the 
HgCdTe  material  system. 
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Transport-related  properties  such  as  electron  mobility,  Hall  coefficient,  Fermi 
level,  and  energy  gap  are  calculated  with  accurate  analytical  band  structures, 
Fermi-Dirac  statistics,  and  a  full  solution  to  the  Boltzmann  transport  equation. 

These  calculated  values  differ  substantially  from  the  ones  obtained  with  para¬ 
bolic  or  k-p  generated  band  structure  approximations  for  a  Hg^  ^gCd^  22Te  alloy. 

A  new  way  to  analyze  absorption  data  to  extract  the  temperature  variation  of  the 
band  gap  is  also  explained. 
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INTRODUCTION 

Approximations  such  as  parabolic  band  structures, 
Maxwell-Boltzmann  (MB)  statistics  for  electrons,  and 
neglect  of  the  gain  term  in  the  Boltzmann  transport 
equation  (BTE)  (commonly  known  as  collision  time 
approximation)  are  often  used  to  compare  against 
and  interpret  experimental  results.  These  approxi¬ 
mations  are  often  made  to  both  elastic  and  inelastic 
scattering  mechanisms.  Even  in  large-gap  materials, 
the  constant  effective  mass  approximation  is  valid 
only  very  near  (within  ~  E^IO)  to  the  band  edge.^’^ 
This  approximation  is  particularly  poor  for  narrow 
gap  materials,  and  nonparabolic  corrections  calcu¬ 
lated  in  the  k-p  formalism  are  often  used.^-^  Although 
this  correction  is  substantial,  it  still  differs  consider¬ 
ably  from  our  more  accurately  calculated  band  struc¬ 
tures.  However,  our  fit  of  these  more  accurate  conduc¬ 
tion  bands  to  an  analytical  function  makes  many 
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results  transparent  and  simplifies  the  calculations. 
As  the  Fermi  energy  can  easily  move  into  the  conduc¬ 
tion  band  of  lightly  doped  small-gap  materials,  the 
form  of  the  Boltzmann  equation  with  Fermi-Dirac 
(FD)  (instead  of  the  usual  MB)  statistics  must  be  used 
to  obtain  accurate  transport  coefficients. 

In  this  paper,  we  report  results  from  our  study  of 
absorption  coefficients,  Fermi  energies,  and  Hall  coef¬ 
ficients  calculated  with  Fermi-Dirac  statistics,  accu¬ 
rate  pseudopotential  band  structures  fine  tuned  with 
tight-binding  (TB)  corrections,  and  the  mobility  with 
a  full  solution  to  the  BTE. 

BAND  STRUCTURE 

Quantitatively  accurate  band  structures  of  most 
semiconductors®^  can  be  obtained  using  a  minimum 
set  of  sp®  orbitals  in  semi-empirical  calculations.  First, 
for  each  alloy  constituent,  empirical  pseudopotential 
form  factors  are  used  to  calculate  a  TB  Hamiltonian, 
H  in  the  minimum  set.  This  H  is  then  transformed 
into  a  zeroth  order  Hamiltonian  H^  in  an  orthonormal 
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Fig.  1 .  Our  approximation  to  77K  electronic  structure  of  Hgg  70Cdo  22Te- 
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Fig.  2.  Fermi  energy  as  a  function  of  temperaturerhyperbolic  bands. 
The  dashed  (experimental)  curve  is  from  Ref.  1 0. 


basis.  Then  a  perturbative  Hamiltonian  having  a 
first-neighbor  TB  form  is  added  to  to  fine  tune  the 
band  structure  to  fit  the  measured  symmetry  point 
energies.  Because  long-range  interactions  are  included 
in  this  Hamiltonian,  the  measured  band  curvatures 
are  correctly  reproduced.  This  procedure  is  followed 
for  both  HgTe  and  CdTe,  and  then  the  alloy  band 
structures  are  calculated  in  the  coherent  potential 
approximation. 

We  focus  on  the  Hg^  ^gCd^  22Te  alloy  with  band-gap 
energy  ranging  around  100  meV  at  low  temperature 
for  the  studies  reported  here.  We  find  that  the  calcu¬ 
lated  conduction  band  is  replicated  very  well  by  a 


hyperbola, 

Ei^  =  (Yk2  +  cT"-c  (1) 

where  y  and  c  are  adjusted  to  fit  the  calculated  band 
structure  in  the  energy  range  of  interest.  When  y  and 
c  are  treated  as  constants  related  to  the  band  gap,  Eg 
and  the  effective  mass,  this  expression  reduces  to  the 
same  nonparabolic  correction  form  obtained  in  the  k-p 
method.^  However,  the  numerical  values  of  y  and  c  are 
not  same  as  ours.  For  example,  in  the  chosen  case,  y 
and  c  are  48.3  and  0.058,  respectively,  whereas  the 
corresponding  k  •  p  values  are  36.0  and  0.05.  The 
differences  are  found  to  be  large  enough  to  cause  a 
noticeable  change  in  the  band  structure  and  trans¬ 
port  properties.  The  band  structure  calculated  by 
diagonalizing  the  Hamiltonian  is  shown  in  Fig.  1 
(thick  line).  We  can  see  that  the  fitted  hyperbola  (thin 
line)  agrees  quite  well  up  to  an  energy  of  0.5  eV  from 
the  conduction  band  edge.  Without  loss  of  accuracy,  in 
the  studies  considered  here,  Eq.  (1)  is  used  as  the 
energy  dispersion  relation  in  transport  expressions 
that  follow.  Also  shown  in  Fig.  1  is  the  poor  reproduc¬ 
tion  of  the  conduction  band  obtained  with  an  effective 
mass  approximation  (long  dashed  line)  and  that  with 
usual  nonparabolic  (k*p)  correction  (short  dashed 
line). 

Two  qualitative  features  of  the  band  structure  in 
Fig.  1  that  impact  transport  properties  should  be 
noted.  First,  for  energies  E-E^  greater  than  50  meV 
where  the  shape  of  the  conduction  band  is  nearly 
linear  in  k  the  group  velocity  is  nearly  a  constant 
independent  of  k.  Then,  the  density  of  states  (DOS) 
increases  proportional  to  E  rather  than  E^^  as  in  the 
case  of  parabolic  bands.  Clearly  these  features  modify 
the  transport  properties  of  electrons  occup^ng  these 
states.  As  we  will  show  in  the  following  section,  at  the 
carrier  concentration  and  temperatures  often  found 
in  device  structures,  the  Fermi  level  falls  into  the 
region  where  these  features  contribute  to  transport 
properties. 

FERMI  LEVEL 

The  calculation  of  the  Fermi  level,  e  p  as  a  function 
temperature,  T  and  doping  concentration,  n^,  is  re¬ 
quired  for  all  transport  calculations.  A  knowledge  of 
temperature-dependent  gap  Eg(T)  is  essential  to  ob¬ 
tain  accurate  values  of  g  p  in  narrow  gap  material. 
Ideally,  the  temperature  dependence  should  be  de¬ 
duced  by  including  electron-phonon  terms  and  lattice 
dilation  in  the  Hamiltonian  from  which  the  variation 
of  Eg  with  T  can  be  obtained.  We  have  developed  a 
general  method  to  incorporate  the  phonon  and  alloy 
effects  into  the  same  CPA  formalism,^  but  such  an 
approach  is  not  attempted  here.  Instead,  we  use  the 
empirically  deduced  expression^^^  given  by 

Eg  =  0.0954  +  0.327T/1000  (2) 

Although  the  gap  has  been  fitted  to  a  number  of 
different  analytical  functions, we  chose  the  above 
expression  simply  to  demonstrate  the  effects  of  vari¬ 
ous  approximations.  After  obtaining  trends,  we  in- 
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tend  to  repeat  these  calculations  with  a  proper 
treatement  by  including  the  electron-phonon  interac¬ 
tion  Hamiltonian. 

Here  g  p  is  calculated  from  the  condition^^  that  at  a 
given  T  the  number  of  electrons  in  the  conduction 
band  is  the  sum  of  electrons  excited  from  the  valence 
band  and  the  donor  levels.  In  this  study,  where  the 
modifications  caused  by  the  band  structures  are  being 
emphasized,  the  donor  states  are  assumed  to  be 
located  at  the  bottom  of  the  conduction  band.^^  The 
valence  and  conduction  band  DOS  are  calculated 
from  our  band  structure.  The  valence  band  DOS 
yields  an  average  hole  effective  mass  of  0.65.  The  Gp 
(relative  to  the  valence  band  edge)  as  a  function  of  T 
and  njj  are  given  in  Fig.  2.  We  found  that  the  more 
accurate  hyperbolic  band  is  substantially  different 
from  parabolic-band  generated  values.  The  impact  of 
these  differences  on  the  transport  properties  will  be 
large  when  g  p  is  located  near  the  energy  where  the 
band  changes  its  character  from  parabolic  to  linear. 
Also,  when  Gp  is  near  to  or  greater  than  E^,  the 
absorption  cutoff  wavelength  is  strongly  influenced 
because  the  transition  cannot  take  place  to  filled 
states.  A  proper  account  of  this  effect,  called  the  Moss- 
Bemstein  shift,  must  be  included  along  with  these 
accurate  band  structures.  In  addition,  we  note  that 
the  Fermi  level  and  the  measured  band  gap  affect 
each  other.  The  changes  in  the  gap  are  accompanied 
by  band  curvature  changes.  The  gap  and  the  curva¬ 
ture  change  affect  the  Fermi  energy,  which  in  turn 
affects  the  apparent  measured  band  gap.  Hence,  a 
proper  interpretation  of  optical  absorption  to  deduce 
the  energy  gap  has  to  be  done  self-consistently  to 
include  both  these  effects. 

ENERGY  GAP 

In  order  to  emphasize  the  point  that  the  measured 
value  of  Eg  and  its  T  dependence  is  sensitively  depen¬ 
dent  on  the  self-consistent  determination  of  the  band 
shapes  and  g  p,  we  carried  out  a  preliminary  calcula¬ 
tion  of  the  absorption  coefficient  a.  The  absorption 
coefficient  a  is  proportional  to  (1-f^)  f^,  where 

f  is  a  k  dependent  FD  distribution  function,  p  is  a  k 
dependent  DOS,  and  subscripts  c,  v  represent  conduc¬ 
tion  and  valence  band,  respectively.  The  k^  factor 
arises  from  the  matrix  elements  that  are  in  the 
expression  for  a.  The  temperature  and  energy-indepen¬ 
dent  proportionality  constant,  which  arises  from  the 
square  of  the  overlap  matrix  element,  is  adjusted  to 
agree  with  an  experimental  curve  at  80K  in  the 
vicinity  of  a  given  value  of  aiX)  at  wave  length  X.  A 
nearly  linear  dependence  of  log(a)  on  X  was  observed^^ 
for  various  T  between  80  and  300K  and  Cd  concentra¬ 
tions  near  0.22. 

Because  the  band  edges  are  often  broadened  by 
impurity  and  phonon  scattering  (known  as  Urbach 
tails),  the  gap  cannot  simply  be  assigned  to  the  energy 
corresponding  to  the  apparent  cutoff  wavelength  X^^ 
where  these  curves  project  to  zero.  The  procedure 
used  by  many  authors^^  is  to  assign  X^^  to  be  the  place 
where  a  is  500  cm"^  or  1000  cm"^  The  justification  for 


this  procedure  is  that  the  actual  unbroadened  shape 
of  a(^)  is  very  sharp  and  if  the  Urbach  tail  ends  at  500 
cm-i  or  1000  cm-\  then  the  corresponding  X  at  which 
this  occurs  will  be  close  to  the  actual  X^^.  In  the  spirit 
of  this  procedure,  we  adjust  the  proportionality  con¬ 
stant  to  fit  the  log(a)  vs  photon  energy  E  curve  at  80K. 
As  seen  from  Fig.  3a,  we  find  that  this  one  constant 
fits  nearly  the  entire  curve  at  80K.  The  constant  is 
chosen  such  that  the  calculation  and  experiment 
agree  very  well  in  the  vicinity  of  500  cm~^  There  is 
little,  if  any,  Urbach  tail  at  this  temperture.  Once  the 
constant  is  determined  by  this  procedure,  it  is  used  for 
every  temperature.  At  higher  temperatures,  the  tails 
are  present.  We  then  artificially  adjust  the  band  gap 


E(eV) 


a 


Fig.  3.  (a)  Absorption  coefficient  as  function  of  photon  energy;  (b) 
energy  gap  as  a  function  of  temperature. 
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Fig.  4.  Hall  factor  as  a  function  of  temperature:  hyperbolic  bands. 

(with  its  corresponding  band  curvature)  to  mock  the 
temperature  variation  by  changing  the  Cd  concentra¬ 
tion  until  the  calculated  a  curve  fits  a  point  on  the 
experimental  curve.  In  the  comse  of  this  procedure, 
the  Fermi  energy  also  changes,  which  necessitates 
that  the  calculations  be  done  iteratively  until  self- 
consistency  is  reached.  The  theoretical  curve  is  then 
used  to  project  the  effective  band  gap.  Fig.  3a  displays 
the  curves  so  obtained.  The  temperature  variations  of 
the  energy  gaps  deduced  in  this  way,  with  two  differ¬ 
ent  proportionality  constants,  are  shown  in  Fig.  3b 
(dashed  lines).  Also  shown  in  Fig.  3b  (solid  fines)  for 
comparison  are  effective  vs  T  variations  if  values 
are  taken  from  the  data^®  corresponding  to  a  at  500 
cm-i  and  at  1000  cm-^.  Also,  the  experimental  energy 
gap  and  its  temperature  variation  measured  by  dif¬ 
ferent  groups'^®"^^  are  plotted  (dotted  fines)  in  Fig.  3b 
for  comparison.  It  is  clear  that  various  experiments 
differ  substantially  from  each  other.  Also  note  that 
our  curves  are  lower  than  the  ones  that  are  normally 
deduced  from  the  same  experiments,  and  the  varia¬ 
tion  in  T  is  no  longer  linear.  Once  the  proportionality 
constant  is  calculated  from  our  band  structures,  the 
energy  gap  is  expected  to  fie  between  the  two  dashed 
fines  shown  here.  However,  the  gap  at  T  =  OK  pre¬ 
dicted  by  our  band  structure  method  is  in  agreement 
with  that  of  Refs.  10-12.  The  Eg(T)  will  start  with  a 
zero  slope^^  and  connect  smoothly  to  our  80K  value.  A 
nonlinear  variation  of  E^  at  much  lower  T,  however, 
has  been  observed  in  recent  two-phonon  experiments.^^ 
All  these  results  emphasize  the  need  for  proper  calcu¬ 
lations  of  Eg(T),  and  a(T)  so  that  more  reliable  device 
parameters  can  be  established. 

HALL  COEFFICIENT 

The  carrier  density,  n  in  n-type  material,  is  nor¬ 
mally  deduced  from  measurements  of  Hall  coeffi¬ 
cients  Rjj,  given  by  r/en,  by  assuming  the  Hall  factor 


r^  is  unity.  If  one  uses  a  parabolic  approximation  for 
the  conduction  band  and  MB  statistics,  r^,  is  approxi¬ 
mately  unity.  We  set  out  to  examine  the  effect  of 
removing  these  approximations  using  the  correctband 
structures.  It  requires  generalizing  the  BTE  to  in¬ 
clude  FD  distribution  functions,  f(k).  We  start  from 


df(k) 

dt 


w(k,k')f(k')(l- f(k)) -  w(k',k)f(k)(l- f(k'))]  (3) 


The  first  term  of  the  right  side  is  the  gain  term  and  the 
second  one  is  the  loss  term.  As  a  consequence  of 
general  statistical  mechanics  arguments,^®  the  ratio 
of  transition  probabilities  is  such  that  w(k,k')  = 

w(k',k)  e'^®" .  In  equilibrium,  the  left  side  of  Eq.  3  is 
identically  zero  and  f  from  Eq.  3  becomes  the  equilib¬ 
rium  FD  distribution  function  f^  given  by 


(4) 


where  p  is  (k^Tl-^  In  the  presence  of  electric  and 
magnetic  fields. 


®)=M^  +  Vf{k)-(E-FvxB)  (5) 

dt  at  ^  ^  ’ 

In  steady  state,  the  af(k)/at  in  Eq.  (5)  vanishes.  In  the 
small  field  regime,  we  can  linearize  f  and  write  it  as  a 
sum  of  f^  and  a  perturbation  f^(k).  Discarding  the 
derivative  of  fjfk)  and  after  some  algebraic  manipula¬ 
tion,  Eq.  (5)  reduces  to^'^ 


Vf,(k).|(E  +  vxB)  = 

2[W(k.  k')f,(k')  -  W(k',  k)f.(k)]  (6) 

where  the  renormalized  W  and  the  usual  transition 
probability  per  unit  time  w  are  related  by 

W(k,k-).w(k.k-)^ 

Note  that  for  elastic  scattering  W  and  w  are  equal. 
However,  for  inelastic  cases,  the  effect  depends  on 
whether  the  energies  at  k  and  k'  are  larger  or  smaller 
than  G  p.  If  both  initial  and  final  energies  are  larger  (or 
smaller)  than  eF,  then  only  a  small  correction  to  w  is 
expected.  However,  if  the  initial  state  is  above  e  p  and 
the  final  state  is  below  Sp,  then  that  scattering  is 
suppressed. 

In  the  collision  time  approximation,  the  gain  term 
in  Eq.  (7)  is  neglected  and  the  effective  collision  time, 

^k  is 


Kr=iw(k',k)  (8) 

k' 
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Using  this  collision  time  approximation,  it  is  straight¬ 
forward  to  obtain  the  expression  for  r^,. 


r,  =  3k3T| 


k^oXk^^'Yk('^k)  4) 

(ikkwfo(i-fo)r 


(9) 


where  is  k.  The  value  calculated  from  Eq.  (9) 
with  parabolic  bands  is  approximately  1  for  higher 
temperatures  but  shows  considerable  structure  with 
a  maximum  value  of  about  2  at  lower  temperatures. 
However,  when  the  more  accurate  hyperbolic  band 
structure  is  used,  the  variation  at  low  T  is  reduced  to 
a  maximum  value  of  about  1.2,  suggesting  that  re¬ 
ported  intrinsic  densities  may  be  smaller  in  this 
temperature  range  by  approximately  20%.  The  calcu¬ 
lated  r^  with  hyperbolic  band  structures  are  shown  for 
various  T  and  doping  densities  in  Fig.  4.  The  effect  of 
removing  the  collision  time  approximation  and  add¬ 
ing  T  dependence  of  band  gap  on  the  values  of  r^  still 
needs  to  be  studied  to  extract  correct  carrier  densities 
from  Hall  measurements.  However,  our  tentative 
conclusion  is  that  approximating  r^  to  be  1  is  better 
than  we  had  reason  to  expect. 

DRIFT  MOBILITY 

The  collision  time  approximation  in  the  formalism 
developed  above  is  removed,  and  a  full  solution  to 
BTE  with  FD  statistics^'^  is  used  to  calculate  the 
mobility  p.  The  details  of  this  generalization  are  being 
published  elsewhere  and  only  the  results  are  summa¬ 
rized  here.i'^  This  method  is  a  generalization  of  the  one 
to  solve  the  Boltzmann  equation  with  MB  statistics.^® 

In  Fig.  5,  we  compare  the  mobilities  calculated  in 
various  approximations  to  experiments.  The  carrier 
concentration  in  the  calculations  was  set  equal  to  that 
used  in  the  experimental  value  of  5  x  lO^^cm-®.  Two 
experimental  data  sets  taken  on  LPE  materiaP^’^®  are 
shown  in  Fig.  5  (dashed  lines).  The  latest  set  exhibits 
higher  mobilities  for  the  same  Cd  content  and  carrier 
concentration  and  is  presumably  a  better  material. 
Also  shown  are  the  mobilities  obtained  from  our 
hyperbolic  band  structure  (thick  solid  line)  and  from 
the  k-p  band  structure  (thin  solid  line).  For  compari¬ 
son,  the  mobility  obtained  in  the  collision  time  approx¬ 
imation  with  our  band  structure  (dotted  line)  is  also 
shown  in  Fig.  5. 

It  is  instructive  to  compare  various  curves  in  Fig.  5. 
All  curves  are  calculated  with  the  same  scattering 
parameters.  Only  ionized  impurity  and  LO  phonon 
scattering  are  included.  No  correction  due  to  compen¬ 
sation  is  included.  First,  our  calculated  mobilities  are 
higher  than  those  from  the  k-p  band  structure.  The 
smaller  y  deduced  from  the  k-p  method  means  that  the 
DOS  is  larger,  resulting  in  this  lower  mobility.  How¬ 
ever,  both  curves  predict  a  hump  in  the  temperature 
variation  of  mobility  near  40K,  where  phonon  scatter¬ 
ing  takes  over  from  the  impurity  scattering,  which 
dominates  at  lower  temperatures.  The  full  solution  to 
BTE,  in  conjunction  with  the  change  in  the  Debye 


screening  length  and  phonon  scattering,  gives  rise  to 
this  hump.  Second,  the  collision  time  approximation 
does  not  produce  this  hump.  We  note  that  the  mobility 
calculated  with  a  collision  time  approximation  grossly 
overestimates  the  scattering  rate  and  wipes  out  this 
peak  in  the  mobility.  A  smaller  peak  near  200K  is  due 
to  changes  in  the  Fermi  energy. 

Our  predictions  fall  within  ±25%  of  the  latest  ex¬ 
perimental  values  over  the  temperature  range  from 
10  to  300K.  Our  calculated  values  are  smaller  at  low 
T  and  larger  at  high  T  than  experiments.  As  we 
demonstrated  here,  the  electron  mobility  is  a  sensi¬ 
tive  function  of  the  shape  of  the  band  structure;  we 
must  await  our  better  temperature-dependent  band 
structures  before  improvements  will  be  forthcoming. 
We  have  already  shown  from  our  preliminary  studies 
of  absorption  coefficient  that  empirical  gaps  are  as 
much  as  20%  too  large.  If  detailed  calculations  verify 
these  results,  then  impurity-dominated  mobilities 
will  increase  at  low  T,  and  the  small  neglected  scatter¬ 
ing  mechanisms  (alloy  disorder,  transverse  optical 
and  acoustic  phonons)  will  decrease  the  mobility 
slightly  at  high  T  to  bring  the  predictions  into  better 
agreement  with  experiments  at  all  temperatures. 

CONCLUSIONS 

In  this  paper,  we  have  studied  the  effect  of  various 
approximations  on  electron  transport  coefficients  and 
on  ways  to  extract  physical  parameters  from  experi¬ 
ments.  We  point  out  how  the  values  interpreted  from 
experiments  depend  crucially  on  various  approxima¬ 
tions  such  as  effective  mass,  MB  statistics,  and  colli¬ 
sion  time.  The  main  results  are: 

•  Approximating  the  Hall  factor  by  unity  over  a 
wide  range  of  carrier  concentrations  and  tem¬ 
peratures  is  accurate  for  most  applications.  An 
error  of  about  30%  is  expected  at  high  T  and  low 
carrier  concentration  (10^^  cm"®),  and  about  20% 


T{K) 

Fig.  5.  Hall  mobility  as  a  function  of  T  with  various  approximations. 
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is  expected  at  low  T  and  high  carrier  concentra¬ 
tion  (10^®  cm'®). 

•  The  variation  of  the  band  gap  with  temperature 
for  22%  Cd  concentration  is  nonlinear  and  is 
faster  at  low  temperature.  The  gap  at  low  T  is 
about  20  meV  smaller  than  those  usually  quoted. 

•  The  mobility  calculated  from  a  full  solution  to  the 
BTE  with  FD  statistics  can  explain  the  hump 
near  40K  and  is  in  good  agreement  with  experi¬ 
ments.  This  result  is  obtained  with  no  param¬ 
eters  in  the  theory  adjusted  to  fit  measured 
mobility  data.  Once  the  other  scattering  mecha¬ 
nisms  such  as  acoustic  and  alloy  disorder  are 
included,  the  agreement  is  expected  to  be  better. 
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Metalorganic  Chemical  Vapor  Deposition  CdTe 
Passivation  of  HgCdTe 
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Engineering,  Technion,  Haifa  32000,  Israel 

CdTe  epilayers  are  grown  by  metalorganic  chemical  vapor  deposition  (MOCVD) 
on  bulk  HgCdTe  crystals  with  x  -  0.22  grown  by  the  traveling  heater  method 
(THM).  The  THM  HgCdTe  substrates  are  (111)  oriented  and  the  CdTe  is  grown 
on  the  Te  face.  The  metalorganic  sources  are  DMCd  and  DETe,  and  the  growth 
is  performed  at  subatmospheric  pressure.  Ultraviolet  (UV)  photon-assisted 
hydrogen  radicals  pretreatment  plays  a  dominant  role  in  the  electrical  proper¬ 
ties  of  the  resulting  heterostructures.  The  requirements  of  a  good  passivation  for 
HgCdTe  photodiodes  vis-a-vis  the  passivation  features  of  CdTe/HgCdTe  het¬ 
erostructures  are  discussed.  The  effect  of  valence  band  offset  and  interface 
charges  on  the  band  diagrams  of  p-isotype  CdTe/HgCdTe  heterostructures,  for 
typical  doping  levels  of  the  bulk  HgCdTe  substrates  and  the  MOCVD  grown 
CdTe,  is  presented.  Electrical  properties  of  the  CdTe/HgCdTe  passivation  are 
determined  by  capacitance-voltage  and  current- voltage  characteristics  of  metal- 
insulator-semiconductor  test  devices,  where  the  MOCVD  CdTe  is  the  insulator. 
It  is  found  that  the  HgCdTe  surface  is  strongly  inverted  and  the  interface  charge 
density  is  of  the  order  of  when  the  CdTe  epilayer  is  grown  without  the 

UV  pretreatment.  With  the  in-situ  UV  photon-assisted  hydrogen  radicals  pre¬ 
treatment,  the  HgCdTe  surface  is  accumulated  and  the  interface  charge  density 
is  -4  ■  10^^  cm-2. 

Key  words:  CdTe,  HgCdTe,  infrared  detectors,  metalorganic  chemical  vapor 
deposition  (MOCVD),  surface  passivation 


INTRODUCTION 

Second  generation  infrared  focal  plane  arrays  based 
on  HgCdTe  photodiodes  coupled  to  silicon  signal  pro¬ 
cessors,  have  led  to  increased  interest  in  CdTe  passi¬ 
vation.^-^  Clearly,  CdTe  has  become  the  preferred 
passivation  technology  for  HgCdTe  photodiodes,  but 
the  published  work  in  the  open  literature  addressing 
this  passivation  is  rather  limited  (Refs.  4  and  5  and 
references  therin). 

The  CdTe  layers  are  deposited  by  different  tech¬ 
niques  (liquid  phase  epitaxy  [LPE],  molecular  beam 
epitaxy  [MBE],  metalorganic  chemical  vapor  depositon 
[MOCVD] ,  hot  wall  epitaxy,  sputtering,  e-beam  evapo¬ 
ration,  and  electrodeposition).  In  addition  to  the  depo¬ 
sition  process,  there  are  several  major  issues  that 
determine  the  passivation  properties  of  the  resulting 
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CdTe/HgCdTe  heterostructures.  These  include  the 
HgCdTe  surface  preparation  and  in-situ  pretreat¬ 
ment,  deposition-induced  surface  damage,  interface 
charges,  CdTe  film  stoichiometry,  and  electrical  prop¬ 
erties.  Additional  issues  are  related  to  adherence, 
step  coverage,  and  thermal  stability. 

The  surface  and  interface  pretreatments  are  a  very 
important  part  of  the  MOCVD  CdTe  deposition  tech¬ 
nology.  In  principle,  heterostructures  that  are  grown 
in  a  single  run  in  the  well  controlled  environment  of 
MOCVD  (or  MBE)  systems  should  yield  high  quality 
interfaces  with  reduced  interface  charges.  However, 
in  the  currently  used  device  designs  and  architec¬ 
tures,^  the  CdTe  passivation  is  deposited  after  the 
required  processing  steps.  The  HgCdTe  surface  is 
necessarily  nonstoichiometric,  contaminated  (with 
foreign  impurities  and  oxides)  and  damaged  (in  crys¬ 
tallinity).  The  chemical,  structural,  and  electronic 
defects  induce  high  density  of  fixed,  fast,  and  slow 
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Table  I.  Requirements  of  a  Good  Passivation  and  Passivation  Featurs  of  CdTe/HgCdTe  Heterostructure 

Requirements  of  a  Good  Passivation 

Passivation  Featurs  of  CdTe/HgCdTe 

Interface  Properties _ _ 

Surface  Potential:  near  flat  band 

Band  diagram  depends  on: 

CdTe  and  HgCdTe  doping,  valence  band  offset, 
interface  charges  and  traps  can  be  engineered  to 
near  flat  band 

Fixed,  fast,  slow  states:  low  density 

Determined  by  in-situ  pretreatment 

Surface  Recombination  Velocity:  low 

Barriers  to  electrons  and  holes  are  formed 

Dielectric,  Insulating,  and  Mechano-Chemical  Propeties 

Good  Insulator 

Compensated  or  fully  depleted 

Excellent  Adhesion 

Similar  chemistries 

Chemical  and  Mechanical  Stability 

Lattice  Matching  (0.3%) 

Matching  in  thermal  expansion 

Adequate  mechanical  hardness 

Thermal  Stability 

Stable  up  to  150°C 

Optically  Transparent 

Above  0.8  pm 

Exhibits  Radiation  Hardening 

High  Z  materials  (48,  52),  efficient 
absorber  of  high  energy  radiation 

Deposition  Technology 

Low  Temperature  Nondamaging 

MOCVD,  MBE,  LPE,  hot  wall  epitaxy 

Sputtering,  evaporation,  electrodeposition. 

interface  traps.  Hence,  an  in-situ  pretreatment  that 
forms  a  reproducible  and  well-behaved  hetero-inter¬ 
face,  is  a  crucial  part  of  the  deposition  process.  Fi¬ 
nally,  it  is  important  to  develop  a  deposition  process 
that  will  not  introduce  a  deposition  damage  at  the 
interface. 

In  this  study,  we  grow  CdTe  epilayers  (by  the 
MOCVD  growth  technique)  on  bulk  HgCdTe  sub¬ 
strates  and  characterize  the  resulting  interfaces. 
Metal-insulator-semiconductor  test  structures  are 
processed  and  measured  by  capacitance-voltage  and 
current- voltage  characteristics.  The  ultraviolet  (UV) 
photon-assisted  hydrogen  radicals  pretreatment  is 
studied  and  reported.®*'^ 

THE  REQUIREMENTS  OF  A  GOOD 
PASSIVATION  AND  THE  CORRESPONDING 
FEATURES  OF  CdTe/HgCdTe 
HETEROSTRUCTURE 

The  requirements  of  a  good  passivation  for  HgCdTe 
photodiodes  and  the  passivation  features  of  the  CdTe/ 
HgCdTe  heterostructure  are  summarized  in  Table  I. 
The  required  interface  properties  must  be  achieved 
without  any  compromise.  These  include:  a  well  con¬ 
trolled  and  close  to  flat  band  surface  potential  and 
hence  a  low  density  of  fixed  surface  charges  to  reduce 
tunneling  currents  (accumulated  surfaces  impose 
tunneling  at  the  periphery  of  the  junction  and  in¬ 
verted  surfaces  impose  tunneling  to  the  substrate);  a 
low  density  of  fast  and  slow  surface  states  to  reduce 
low  frequency  noise  currents;  a  low  surface  re¬ 


combination  velocity  to  reduce  surface  generated  dark 
currents. 

The  required  dielectric,  insulation,  and  mechano- 
chemical  properties  are  also  highly  stringent  so  that 
the  passivation  will  be  fully  compatible  with  device 
processing,  bonding  and  packaging,  prolonged  out- 
gassing,  storage,  and  exposure  to  harsh  environ¬ 
ments.  Finally,  a  low  temperature  nondamaging  depo¬ 
sition  technology  is  a  must  in  the  case  of  a  passivation 
film  for  HgCdTe. 

The  major  passivation  features  of  the  CdTe/HgCdTe 
heterostructure  that  are  summarized  in  Table  I  indi¬ 
cate  why  CdTe  has  recently  become  the  industry- 
favored  passivation  technology  for  HgCdTe  photo¬ 
diodes.^  The  calculated  band  diagram  (and  thus  the 
surface  potential  at  the  HgCdTe  side  of  the  hetero¬ 
interface)  depends  on  the  valence  band  offset,  doping 
levels  of  CdTe  and  HgCdTe,  surface  charges  and  traps 
at  the  hetero-interface  and  deep  traps  in  the  CdTe. 
Precise  control  of  the  electrical  properties  of  the  CdTe 
and  the  interface  charges  must  be  achieved  to  obtain 
the  required  interface  properties.  A  low  surface  re¬ 
combination  velocity  is  readily  achieved  because  po¬ 
tential  barriers  for  electrons  and  holes  are  fornied.  In 
particular,  the  large  conduction  band  offset  forms  a 
large  barrier  for  electrons.  The  band  diagram  of  CdTe/ 
HgCdTe  abrupt  heterostructure  is  calculated  and 
further  evaluated  in  the  following  section. 

CdTe  is  not  hygroscopic  (like  ZnS),  it  is  mechanically 
harder  than  HgCdTe,  the  heterostructure  is  nearly 
lattice  matched  (within  0.3%),  the  thermal  coeffi- 
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dents  of  expansion  of  both  materials  are  nearly  the 
same  and  the  chemistries  are  similar.  Hence,  CdTe 
films  are  negligibly  stressed  and  adhesion  is  excellent 
(between  CdTe  and  HgCdTe,  CdTe,  and  subsequent 
metallization  lines,  CdTe  and  anti-reflection  coatings 
for  front-illuminated  photodiodes).  Chemical,  me¬ 
chanical,  and  thermal  stability  (up  to  150°C)  is  re¬ 
ported.  The  high  average  atomic  number  of  CdTe  (Z^^ 
=  48,  =  52)  renders  this  material  an  efficient 

absorber  of  high  energy  radiation  and  efficient  for 
radiation  hardening. 

A  large  number  of  low  temperature  deposition  tech¬ 
nologies  are  available  for  epitaxial  CdTe  (including 
MOCVD,  MBE,  LPE,  hot  wall  epitaxy)  as  well  as 
polycrystalline  CdTe  films  (including  e-beam  evapo¬ 
ration,  sputtering,  electrodeposition). ^ 

The  preferred  CdTe  technology  for  passivation 
should  be  determined  and  tailored  to  the  specific 
device  design  and  architecture.  The  present  study 
focuses  on  MOCVD  CdTe  because  it  is  a  dry  process 
with  high  throughput  and  energetic  species  are  not 
incorporated  in  the  deposition  process.  The  MOCVD 
process  3delds  reproducible  hetero-interfaces  as  well 
as  CdTe  epilayers  which  can  be  engineered  to  the 
exacting  requirements  discussed  above.  In  addition, 
excellent  step  coverages  are  obtained  and  the  morphol¬ 
ogy  is  mirror  like.  Surface  recombination  velocity  of 
less  than  5000  cm/s,  obtained  with  MOCVD  CdTe,  is 
the  lowest  reported  value  for  p-type  long  wavelength 
infrared  (LWIR)  HgCdTe.^ 

BAND  DIAGRAM  OF  A  CdTe/HgCdTe 
ABRUPT  HETEROSTRUCTURE 

Two  equations  govern  the  interface  potentials  in 
the  two  sides  of  the  hetero-interface.  These  two  equa¬ 
tions  enable  us  to  calculate  the  total  band  bending 
(relative  to  the  bulk)  of  each  material,  and  thus  the 
interface  potentials  of  HgCdTe  and  CdTe  (denoted  by 

WdTe>  <l>«,cdTe.  respectively). 

The  first  equation  is  based  on  the  lineup  con¬ 
siderations  of  the  bands  of  the  two  materials  across 
the  common  Fermi  level,  as  shown  in  Fig.  1. 

®FVHgCdTe  “  HgCdTe  “  ^0,CdTe) 

where  AE^  is  the  valence  band  offset  and  E^^  , 

Et^  are  shown  in  Fig  1. 

^  ''HgCdTe  ” 


The  second  equation  is  based  on  the  neutrality 
condition 

QcdTe(^o,CdTe)  QHgCdTe^^o,HgCdTe)  +  QC?  =  0  (2) 

where  Q^^Te  QngCdTe  charge  per  unit 

area  in  the  CdTe  and  HgCdTe,  respectively  and  a  is 
the  interface  charge  density. 

These  two  charges  can  be  expressed  by  the  total 
band  bending  in  each  material  (relative  to  the  bulk  of 
each  material).  Therefore,  we  have  two  equations  and 
two  variables,  <t>o,HgcdTe»^o,cdTe>  obtained 

provided  AE^  and  a  are  given.  In  practice,  the  valence 
band  offset  and  the  interface  charges  are  not  deter¬ 
mined  with  the  required  accuracy.  Measured  values 
of  the  valence  band  offset  AE^  range  from  0  to  0.35  eV 
but  there  is  more  or  less  a  consensus  around  0. 1  eV.®-^ 
The  interface  charge  density  a  is  partly  fundamental 
(due  to  the  difference  in  chemical  bonding  and  0.3% 
lattice  mismatch  across  the  hetero-interface)  and 
partly  technological  (due  to  mechanical  damage,  non- 
stoichiometric  surface,  surface  oxides  and  adsorbed 
impurities).  It  strongly  depends  on  processing,  pre¬ 
treatment  and  deposition  technology.  Accordingly,  o 
can  vary  by  several  orders  of  magnitude. 

Following  the  methodology  previously  developed 
for  the  calculation  of  a  HgTe-CdTe  abrupt  hetero- 
structure,^®-^^  we  present  the  calculated  interface  po¬ 
tentials  of  CdTe  and  HgCdTe,  with  AEy  and  a  taken 
as  parameters.  This  approach  enables  us  to  calculate 
the  band  diagram  of  the  hetero-interface  and  to  con¬ 
sider  quantitatively  the  effects  of  AEy  and  a  on  the 
total  band  bending  in  each  material.  The  detailed 
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Fig.  1.  Schematic  energy  band  diagram  of  an  abrupt  CdTe/HgCdTe 
heterostructure. 
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Fig.  2.  Calculated  band  diagrams  and  surface  potentials,  ((|)^)  at  77K,  of  p-CdTe  (N^  =  cm-^  and  =  0.15  eV/p-HgCdTe  (x  =  0.225  and  == 
1 0^®  cm-®)  heterostructures  with  the  valence  band  offset  as  a  parameter  (a)  AE^  =  0;  (b)  AE^  =  0.1  eV;  (c)  AE^  =  0.2  eV;  (d)  AE^  =  0.3  V.  The  interface 
charge  density  a  is  taken  as  zero. 
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calculation  of  the  band  diagram  of  an  abrupt  CdTe- 
HgCdTe  heterojunction  are  reported  elsewhere.^^ 
The  calculated  band  diagram  and  the  surface  po¬ 
tentials  of  HgCdTe  and  CdTe,  at  77K,  with  the  va¬ 
lence  band  offset  as  a  parameter,  are  shown  in  Fig.  2. 
The  HgCdTe  and  CdTe  doping  levels  and  parameters 
are  indicated  in  Fig.  2.  We  assume  that  the  acceptor 
level  of  the  MOCVD  CdTe  is  0.15  eV,  corresponding  to 
doubly  ionized  cadmium  vacancy.  The  calculations 
take  into  account  the  freezeout  in  the  CdTe  as  deter¬ 
mined  by  the  energy  of  the  acceptor  level.  The  inter¬ 
face  charge  density  is  assumed  to  be  zero.  In  the  wide 
range  of  the  assumed  valence  band  offset  values  (0- 


AE^[eV] 

Fig.  3.  The  dependence  of  the  calculated  surface  potentials  of  HgCdTe 
and  CdTe,  at  77K,  upon  the  valence  band  offset.  The  interface  charge 
density  is  taken  as  zero. 


0.3  eV),  the  HgCdTe  surface  is  practically  at  flat  band. 
Only  at  zero  offset,  the  surface  is  depleted  and  the 
band  bending  is  30  mV.  The  effect  of  the  valence  band 
offset  on  the  surface  potentials  of  HgCdTe  and  CdTe 
is  exhibited  in  Fig.  3. 

The  band  diagrams  and  surface  potentials  of  CdTe 
and  HgCdTe  are  hardly  affected  by  varying  the  dop¬ 
ing  levels,  as  shown  in  Fig.  4.  Depletion  or  close  to  flat 
band  conditions  are  predicted,  as  long  as  the  interface 
charge  density  is  zero,  even  when  the  doping  level  of 
HgCdTe  changes  by  an  order  of  magnitude  and  the 
doping  level  of  CdTe  changes  by  two  orders  of  magni¬ 
tude.  The  drastic  effect  of  the  interface  charges  upon 
the  band  diagrams  and  surface  potentials  is  shown  in 
Fig.  5  and  Fig.  6.  Negative  interface  charges  induce 
accumulation  in  the  HgCdTe  side  while  positive  in¬ 
terface  charges  induce  inversion.  Figure  6  exhibits 
that  interface  charge  density  of  the  order  of  5  •  10^^ 
cm"2  causes  large  deviations  from  flat  band  condi¬ 
tions. 

The  calculated  band  diagrams  and  surface  poten¬ 
tials  of  Figs.  2-6  indicate  that  near  flat  band  condi¬ 
tions  can  be  obtained  on  p-type  HgCdTe,  provided 
that  the  electrical  properties  of  the  hetero-interface 
and  the  CdTe  are  carefully  engineered  and  controlled. 
The  theoretical  and  experimental  uncertainty  in  the 
valence  band  offset  introduces  a  variance  in  the  sur¬ 
face  potential  of  HgCdTe  of  the  order  of  30  mV. 
However,  positive  interface  charges  of  even  moderate 
density  of  the  order  of  10^^  cm”^  induce  strong  in¬ 
version  in  p-type  HgCdTe  and  strong  accumulation  in 
n-type  HgCdTe  and  render  the  heterostructure  use- 


2 

E[eV] 

1 


0 


0  [L^m]  1 


“  HgCdTe 

CdTe 

NA=10'"cnr^ 

NA=10^'*crn'^ 

^0=27mV 

^  97o  =  -57mV 

2 

E[eV] 

2 

E[eV] 

“  HgCdTe 

CdTe 

1 

"  HgCdTe 

CdTe 

1 

'  HgCdTe 

CdTe 

N^=  lO^^cm  ^ 

0 

-1 

NA=10'®ciTr^ 

NA=10^*cm“^ 

0 

Nj^=10'®cnr^ 

97o=27mV  ^ 

^Q  =  -42mV 

- 1 _ _ _ 

9JQ=-l.lmV  9Jo=22iiiV 

-1 

9?Q=-3.6mV 

1 _ _ _ 

i/7o=27mV 

yo=27mV  ^  yo  =  -4;dmv|  |  yo=-i.xmv  yQ=^<.iiiv  [  | 

1  °  Otm]  1  °  [>m]  1  °  [>ini]  ^ 


abed 

Fig  4.  Calculated  band  diagrams  and  surface  potentials,  (<|)„)  at  77K,  of  p-CdTe/p-HgCdTe  heterostructures  for  different  doping  levels  of  HgCdTe 
and  acceptor  concentrations  in  CdTe.  (x  =  0.225;  E^=  0.15  eV)(AEv=  0;  o=  0)  (a)  HgCdTe:  =  1 0'«  cm-^,  CdTe  N3  =  1 0'^  cm-^;  (b)  HgCdTe: 

=  10'5  cm^,  all  other  parameters  are  the  same;  (AE„  =  0.1  eV;  a  =0)  (c)  CdTe:  =  10'“  cm^;  (d)  CdTe:  =  10’®  cm-®  and  all  other  parameters 
are  those  of  (c).  The  interface  charge  density  o  is  taken  as  zero  and  the  valence  band  offset  is  either  zero  or  0.1  eV,  as  indicated. 
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Fig.  5.  Calculated  band  diagrams  and  surface  potentials,  at  77K,  of  p-CdTe  (N3=  10'®cm^and  Ej  =  0.15  eV)/p-HgCdTe  (x  =  0.225,  N^=  10'®cm-®) 
heterostructures,  for  different  interface  charge  densities:  (a)  o = -1 0"  cm-®;  (b)  a = -1  O'®  cm-®;  (c)  a  =  1 0”  cm-®;  (d)  a  =  1 0'®  cm-®.  The  valence  band 


offset  Is  taken  as  0.1  eV. 
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less  for  passivation.  Similarly,  negative  interface 
charges  of  the  order  of  10^^  cm-^  induce  accumulation 
in  p-type  HgCdTe  and  strong  inversion  in  n-type 
HgCdTe.  Hence,  it  can  be  concluded  that  the  valence 
band  offset  and  the  exact  values  of  the  doping  levels 
of  CdTe  and  HgCdTe  play  a  minor  role  in  determining 
the  exact  values  of  the  surface  potentials.  For  the  p- 
isotype  heterostructure  discussed  here,  close  to  flat 
band  conditions  are  achieved  for  a  wide  range  of 
doping  levels  and  valence  band  offsets.  However,  the 
effect  of  the  interface  charge  is  drastic,  and  it  is  the 
most  dominant  parameter  that  controls  the  surface 
potentials. 

MOCVD  GROWTH  OF  CdTe  ON  HgCdTe 
Substrates 

Two  types  of  (111)  oriented  (±2°),  bulk  p-type 
Hg^  ^Cd^Te  wafers  (x = 0.225),  were  used  in  this  study: 
single  crystals  grown  by  modified  slush  recrystalliza¬ 
tion  and  single  crystals  grown  by  traveling  heated 
method  (THM).^^’^^  The  electrical  characteristics  of 
typical  wafers  are:  =  10^®  cm"^,  Pp  =  600  cm^V"^  s~^ 

and  \  =  (5~20)  ns,  at  77K.  The  HgCdTe  substrates 
were  mechanically  polished  with  0.3  pm  alumina 
powder  and  subsequently  chemically  etched  for  30  s 
with  10%  bromine  in  methanol  solution.  The  CdTe 
epilayers  were  grown  on  the  Te  face  of  the  Hg^_^Cd^Te 
substrates  and  the  face  was  determined  with  the 
Polisar  etch. 

MOCVD  System  and  CdTe  Growth  Process 

The  MOCVD  system  was  manufactured  by  Thomas 
Swan  Inc.,  England,  and  has  a  horizontal  quartz 
reactor.  The  graphite  susceptor  is  heated  with  infra¬ 
red  lamps.  The  metalorganic  sources,  DETe  and 
DMCd,  supplied  by  Morton,  are  kept  at  25°C.  Palla¬ 
dium  diffused  hydrogen  serves  as  the  carrier  gas. 
Growth  runs,  at  430°C,  are  performed  at  a  subatmo- 
spheric  pressure  of  300  Torr  and  the  total  flow  rate  is 
1.2 1/min.  The  partial  pressures  of  DETe  and  DMCd  in 
the  reactor  are  1  and  0.26  Torr,  respectively. 

The  HgCdTe  wafers  are  exposed  to  the  following 
temperature  cycle:  the  susceptor  is  heated  to  430°C 
within  7  min.  The  susceptor  temperature  is  stabilized 
at  430°C  for  additional  5  min.  At  430®C,  approxi¬ 
mately  0.4  pm  CdTe  are  grown  in  3  min  (the  exact 
thickness  depends  on  the  pretreatment).  After  growth, 
the  susceptor  is  cooled  to  260°C  in  6  min  by  flowing 
hydrogen  (130  cc/min  at  300  Torr)  and  after  addi¬ 
tional  15  min  the  susceptor  temperature  drops  below 
50°C.  Under  these  conditions,  3000-5000A  CdTe  are 
grown  in  2.5-4  min.  With  the  UV  pretreatment  de¬ 
scribed  below,  -4000-6000A  are  grown  in  2.5-4  min. 
Mirror-like  epilayers,  with  excellent  morphology  and 
no  hillocks  are  observed  on  the  Te  face  of  (111) 
oriented  substrates.  The  effect  of  the  MOCVD  growth 
parameters,  including  deposition  temperature,  dura¬ 
tion,  partial  pressures  of  the  metalorganic  sources, 
and  Hg  and  misorientation  of  HgCdTe  substrates, 
will  be  reported  elsewhere.^^ 


Fig.  6.  The  dependence  of  the  calculated  surface  potentials  of  HgCdTe 
and  CdTe,  at  77K,  upon  the  interface  charge  density:  (a)  positive 
charges,  and  (b)  negative  charges.  The  valence  band  offset  is  taken 
as  0.1  eV. 


UV  Photon  Assisted  Hydrogen  Radicals 
Pretreatment 

Ultraviolet  radiation  for  an  in-situ  pretreatment 
prior  to  the  growth  of  the  epilayers  is  provided  by  a 
high  pressure  Hg  lamp  operating  at  450  W,  with  a 
wide  emission  spectrum  between  190  and  300  nm.  In 
this  pretreatment,  the  HgCdTe  substrate,  at  50°C,  is 
irradiated  by  the  UV  lamp  for  1  h  while  the  reactor 
and  the  HgCdTe  substrates  are  flushed  in  hydrogen, 
flowing  at  250  cc/min,  at  a  tolal  pressure  of 300  Torr. 
Prior  to  the  subsequent  growth  of  CdTe,  the  UV 
photons  are  shut  off. 

ELECTRICAL  CHARACTERIZATION 
MIS  Test  Devices 

Metal-insulator-semiconductor  devices  were  fabri¬ 
cated  on  p-type  HgCdTe  and  used  to  characterize  the 
electrical  properties  of  the  interface.  The  insulator  of 
the  MIS  device  consisted  of  the  MOCVD  grown  CdTe 
epilayer,  approximately  0.4  pm  thick.  The  combina¬ 
tion  of  evaporated  titanium  (500A)  and  gold  (1  pm) 
was  used  for  bulk  and  gate  metallization.  The  gate 
electrodes  of  --500  pm  diameter  were  evaporated 
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Fig.  7.  Measured  capacitance-voltage  (solid  line)  and  equivalent  par¬ 
allel  conductance  (dashed  line)  characteristics  of  MIS  device  that  was 
not  exposed  to  UV  pretreatment.  The  measurement  temperature  is  77K 
and  the  measurement  frequency  is  100  kHz.  Gate  area  is  0.002  cm^. 
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GATE  VOLTAGE  [V] 

Fig.  8.  Measured  capacitance-voltage  (solid  line)  and  equivalent 
parallel  conductance  (dashed  line)  characteristics  of  MIS  device  that 
was  exposed  to  UV  pretreatment.  The  measurement  temperature  is 
77K  and  the  measurement  frequence  is  1  MHz.  Gate  area  is  0.002  cm^. 
Dotted  line  is  the  theoretical  C-V  curve. 


through  a  metal  mask  and  the  bulk  contact  was 
evaporated  on  the  rear  side  of  the  HgCdTe  substrate. 
The  devices  were  bonded  and  sealed  with  a  cold  shield 
at  77K,  in  a  dewar.  The  devices  were  subject  to 
annealing  cycles  in  vacuum  in  the  temperature  range 
70-140°C  and  were  characterized  repeatedly  at  sev¬ 
eral  temperatures. 

Capacitance  and  conductance  were  measured  as  a 
function  of  gate  voltage,  with  frequency  as  a  param¬ 
eter,  with  an  HP4192A  impedance  analyzer.  The  DC 
gate  current  was  measured  as  a  function  of  gate 
voltage  with  HP  signal  parameter  analyzer.  Simple 
MIS  theory  neglecting  modifications  due  to  the  Kane 
model  was  applied  for  the  analysis. 

Capacitance-Voltage  and  Conductance- 
Voltage  Characteristics 

The  surfaces  of  the  CdTe/HgCdTe  heterostructures 
are  determined  with,  measured  capacitancevoltage 
and  equivalent  parallel  conductance-voltage  charac- 
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Fig.  9.  Measured  capacitance-voltage  (solid  line)  and  equivalent 
parallel  conductance  (dashed  line)  characteristics  of  MIS  device  that 
was  exposed  to  UV  pretreatment.  The  measurement  temperature  is 
77Kand  the  measurement  frequence  is  1  MHz.  Gate  area  is  0.002  cm^. 
Dotted  line  is  the  theoretical  C-V  curve. 


teristics  of  MIS  devices,  as  shown  in  Figs.  7-9. 

The  drastic  effect  of  the  positive  interface  charges, 
observed  when  the  MOCVD  CdTe  is  ^own  without  an 
in-situ  UV  pretreatment,  is  shown  in  Fig.  7.  At  zero 
gate  bias,  the  HgCdTe  surface  is  inverted.  The  mea¬ 
sured  fiat  band  voltage  is  -3.3  V  and  the  fixed  inter¬ 
face  charge  density  is  =  6.4  •  10^^  cm-^. 

The  C-V  characteristic  is  analyzed  with  the  fol¬ 
lowing  inputs: 

Cinsulator  (from  Fig.  7)  =  62  pF 

Cminimum  (from  Fig.  7)  =  49  pF 

Gate  area  (measured)  =  2  •  10“^  cm^ 

Relative  dielectric  constant  of  CdTe  =  10.6 

Relative  dielectric  constant  of  HgCdTe  =  18 

The  following  MIS  parameters  are  derived  from 
simple  MOS  theory: 

HgCdTe  effective  doping  concentration  =  9.7  •  10^^ 
cm"^ 

CdTe  thickness  =  3000A 

Flat  band  capacitance  =  59  pF 

Flat  band  voltage  (from  Fig.  7)  =  -3.3V 

Metal-semiconductor  (titanium-HgCdTe)  workfimc- 
tion  difference  =  OV based  on:  -  (Og  -h  E  / 

2  +  (j)p)  where  the  work  functions  of  titanium  and 
HgCdTe  are  =  4.3  eV  and  Og  =  4.23  eV,  respec- 
tively.i®  From  -  Qss/Cqx-  we  obtain  = 

6.4  •  10^1  electrons/cm^. 

The  interface  is  very  stable  with  respect  to  tem¬ 
perature  cycles.  The  devices  were  repeatedly  an¬ 
nealed  at  temperatures  up  to  140°C,  for  24  h  at  each 
cycle.  The  annealing  temperature  did  not  exceed 
140°C  because  of  the  packaging  glues  and  the  experi¬ 
mental  dewar  and  not  because  of  even  the  slightest 
interface  degradation. 

Capacitance-voltage  measurements  on  THM  de¬ 
vices  often  yielded  stronger  inversion  manifested  by 
more  negative  flat  band  voltages  (of  the  order  of -5  V) 
and  the  calculated  Qgg  is  of  the  order  of  1  •  cm-^. 
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However,  the  same  general  features  of  the  character¬ 
istic  shown  in  Fig.  7  and  the  same  high  thermal 
stability  were  observed.  These  features  include  low 
frequency  behavior  with  little  dependence  on  mea¬ 
surement  frequency  (in  the  range  of  100  kHz-1  MHz), 
and  low  equivalent  parallel  conductance  (3  *  10“'^mho) 
around  zero  gate  bias.  The  equivalent  parallel  con¬ 
ductance  is  measured  in  parallel  to  the  capaci¬ 
tance. 

The  C-V  characteristic  of  Fig.  7  exhibits  corre¬ 
spondence  between  the  calculated  and  measured  char¬ 
acteristics  and  a  small  hysteresis  at  depletion.  The 
apparent  hysteresis  around  zero  gate  voltage  may  be 
attributed  to  variation  in  the  response  time  of  the 
minority  carriers  in  inversion.  However,  C-V  charac¬ 
teristics  measured  on  different  contacts  exhibited  a 
spread  in  the  flat  band  voltage  and  hence  in  the  fixed 
interface  charge  density,  This  is  attributed  to 
small  variations  in  orientations  of  subgrains  in  the 
bulk  substrates. 

The  in-situ  UV  photon-assisted  hydrogen  radicals 
pretreatment  exhibits  a  significant  effect  on  the  hetero¬ 
interface,  as  shown  in  Fig.  8.  At  zero  gate  bias,  the 
HgCdTe  surface  is  accumulated.  The  measured  flat 
band  voltage  is  +3  V  and  the  fixed  interface  charge 
density  is  Qgg  =  — 3.7  •  10^^  cm~^.  At  zero  gate  bias,  the 
equivalent  parallel  conductance  is  low  and  the  insu¬ 
lator  capacitance  exhibits  very  small  hysteresis.  At 
depletion,  the  conductance  increases  by  three  orders 
of  magnitude  and  0.2-0. 3  V  hysteresis  is  observed, 
implying  slow  surface  state  density  of  2.5  •  10^^  cm-^. 
At  strong  inversion,  the  conductance  saturates  and 
the  hysteresis  disappears.  The  excellent  thermal  sta¬ 
bility  is  again  observed  and  the  C-V  and  G-V  charac¬ 
teristics  do  not  exhibit  any  shifts  even  after  repeated 
thermal  cycles  up  to  140°C,  where  we  stopped  because 
of  the  experimental  dewar. 

The  effective  doping  level  derived  from  the  mini¬ 
mum  capacitance  is  2  •  10^^  cm-^  and  this  is  nearly  two 
orders  of  magnitude  lower  than  the  original  doping 
level  of  the  HgCdTe  substrate.  Such  a  reduction  in 
substrate  doping  level  was  previously  observed  dur¬ 
ing  MOCVD  growth  of  CdTe  on  CdTe  substrates,  after 
appl5dng  the  UV  pretreatment.®  However,  not  all  the 
MIS  devices  exhibited  this  behavior,  as  shown  in  Fig. 
9.  The  characteristics  of  Fig.  9  are  similar  to  those  of 
Fig.  8:  the  HgCdTe  surface  is  accumulated,  the  mea¬ 
sured  flat  band  voltage  is  2.8  V  and  the  fixed  interface 
charge  density  is  Qgg  =  -4.1  •  10^^  cm-^.  A  small 
hysteresis  is  observed  at  depletion  where  the 
condutance  increases.  Again,  excellent  thermal  sta¬ 
bility  is  observed.  Analysis  of  the  doping  level  accord¬ 
ing  to  Cminimum  yields  a  value  close  to  the  original 
doping  level  of  the  HgCdTe  substrate.  At  this  stage,  it 
is  not  clear  if  this  behavior  is  also  related  to  different 
subgrains  in  the  bulk  substrates. 

In  summary,  the  interface  properties  of  the  p- 
isotype  CdTe/HgCdTe  heterostructure  are  very 
promising.  Further  optimization  of  the  in-situ  pre¬ 
treatment  is  required  to  obtain  near  flat  band 
conditions. 


DC  Gate  Current-Voltage  and  Differential 
Resistance  Characteristics 

The  DC  gate  current- voltage  and  differential  resis¬ 
tance-voltage  characteristics  of  two  MIS  devices,  with¬ 
out  and  with  UV  pretreatment,  are  shown  in  Fig.  10 
and  Fig.  11.  These  curves  demonstrate  the  insulation 
properties  of  the  MOCVD  CdTe  at  77K.  High  values 
of  djmamic  resistance  are  observed  at  MIS  devices 
grown  with  the  UV  pretreatment.  The  values  are  two 
orders  of  magnitude  higher  than  those  observed  at 
MIS  devices  without  UV  pretreatment  (lO^^O  in  Fig. 
11  compared  to  lO^Q  in  Fig.  10). 

The  DC  characteristics  of  Fig.  11  and  the  AC  char¬ 
acteristics  of  Fig.  8  are  measured  on  the  same  gate. 
The  DC  conductivity  increases  at  positive  gate  volt- 
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Fig.  10.  Measured,  at  77K,  DC  gate  current-voltage  and  differential 
resistance-voltage  characteristics  of  MIS  device  that  was  not  exposed 
to  UV  pretreatment. 
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Fig.  1 1 .  Measured,  at  77K,  DC  gate  current-voltage  and  differentia! 
resistance-voltage  characteristics  of  MIS  device  that  was  exposed  to 
UV  pretreatment. 
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ages  inducing  inversion  due  to  tunneling  between  the 
n-^  inversion  layer  and  the  substrate  (around  0.5  V 
gate  voltage  for  the  untreated  device  of  Fig.  10  and 
around  3.5  V  for  the  UV  pretreated  device  of  Fig.  11). 
The  DC  conductivity  also  increases  at  strong  accumu¬ 
lation  (-2V  for  the  device  of  Fig.  10  and  around  -1  V 
for  the  device  of  Fig.  11). 

The  estimated  dielectric  breakdown  field  is  of  the 
order  of  lO^V/cm. 

SUMMARY  AND  CONCLUSION 

This  paper  studies  the  passivation  properties  of 
MOCVD  CdTe  epilayers  grown  on  the  Te  face  of  (111) 
oriented,  bulk  HgCdTe  wafers.  In  general,  the  passi¬ 
vation  properties  of  a  specific  technology  are  highly 
dependent  on  the  orientation,  the  history,  and  the 
origin  of  the  HgCdTe  wafers.  The  present  study  indi¬ 
cates  the  potential  passivation  properties  of  MOCVD 
CdTe  grown  on  p-type  HgCdTe. 

CdTe  passivation  of  HgCdTe  in  general,  and  MOCVD 
CdTe  in  particular,  has  been  hardly  studied  in  the 
open  literature.  Bulk  HgCdTe  wafers  are  used 
here  since  this  is  a  well  characterized  and  reproduc¬ 
ible  HgCdTe  material  and  it  was  assumed  that  a  new 
passivation  should  be  characterized  on  an  estab¬ 
lished  material.  Later  on  the  results  can  be  extended 
to  HgCdTe  of  different  sources  and  growth  tech¬ 
niques.  The  (111)  orientation  corresponds  to  LPE 
HgCdTe  epilayers  currently  used  in  production  of 
focal  plane  arrays. 

The  study  focuses  on  CdTe  passivation  that  corre¬ 
sponds  to  the  requirements  of  a  wide  range  of  device 
designs  and  architectures.  Namely,  the  CdTe  passi¬ 
vation  is  applied  during  an  advanced  stage  of  the 
processing  of  the  devices  and  not  necessarily  as  an 
integral  part  of  the  growth  of  the  epilayers.  The 
reported  results  indicate  that  MOCVD  grown  CdTe  is 
a  promising  passivation  technology,  provided  it  is 
combined  with  appropriate  HgCdTe  surface  and  in¬ 
terface  pretreatments.  Otherwise,  interface  charges 
dominate  the  surface  potential,  imposing  strong  in¬ 
version  on  p-type  substrates.  With  the  reported  UV 
photon-assisted  hydrogen  radicals  pretreatment,  accu¬ 
mulated  interfaces  are  obtained  on  the  p-lype  substrates. 

It  is  believed  that  UV-induced  heterogeneous  disso¬ 
ciation  of  hydrogen,  on  the  surface  of  the  HgCdTe 
substrates,  produces  highly  reactive  hydrogen  radi- 
cals.®’'^  The  hydrogen  radicals  form  volatile  hydrides 
with  Te  atoms.  In  addition,  the  hydrogen  radicals 
reduce  native  oxides  that  are  formed  on  the  surface 
and  remove  water  molecules  that  are  easily  adsorbed 
on  Te02  and  on  the  polar  surface  of  (111)  HgCdTe. 
Possibly,  additional  volatile  hydrides  are  formed  of 
impurity  atoms  that  reside  on  the  HgCdTe  surface 
after  exposure  to  processing.  The  highly  reactive 
nature  of  the  hydrogen  radicals  and  the  photosen¬ 
sitized  reaction  at  the  surface,  have  the  potential  to 
form  reproducible  and  controlled  hetero-interfaces. 
The  in-situ  UV  photon-assisted  pretreatment  should 
be  optimized  to  obtain  slightly  accumulated  or  slightly 
depleted  interfaces. 


A  carefully  controlled  growth  process  as  well  as 
interface  and  surface  pretreatment  tailored  to  the 
specific  material  is  required  in  order  to  obtain  near 
flat  band  conditions  on  p-type  as  well  as  on  n-type 
material.  The  effect  of  the  MOCVD  growth  param¬ 
eters  (deposition  temperature,  partial  pressures  of 
the  metalorganic  sources  and  partial  pressure  of  Hg) 
in  addition  to  UV  photons  and  pretreatments  will  be 
reported  elsewhere. Studies  of  CdTe  passivation 
and  1/f  noise  as  well  as  CdTe  passivation  and  gate 
controlled  diodes  are  also  essential  before  this  prom¬ 
ising  technology  can  be  fully  assessed.  Finally,  it 
should  be  noted  that  MOCVD  CdZnTe  (Zn  =  4%) 
epilayers  can  provide  even  superior  passivation  for 
Hg^_^Cd^Te  with  x  =  0.22,  because  of  perfect  lattice 
matching  between  the  epilayer  and  substrate  and 
because  of  the  larger  bandgap  of  CdZnTe. 
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Investigation  of  Epitaxial  P-p  CdTe/Hgo^^gCdo 225^6 
Heterojunctions  by  Capacitance-Voltage  Profiling 
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Department  of  Electrical  Engineering,  Technion,  Haifa  32000,  Israel 
A.  SHER  and  G.  CINADER 
Soreq  NRC,  Yavne  70600,  Israel 

We  investigate  the  electrical  properties  of  isotype  P-p  CdTe/Hgo  775CdQ  225Te 
heterojunctions  grown  in  situ  by  the  metalorganic  chemical  vapor  deposition 
technique.  The  capacitance-voltage  (C-V)  characterization  of  Schottky  barriers 
(SB)  is  used  to  study  the  apparent  majority  carrier  distribution  and  the  valence 
band  discontinuity.  The  C-V  characteristics  of  metal  insulator  semiconductor 
(MIS)  devices  were  used  to  determine  the  interface  charge  density.  A  theoretical 
model  suitable  for  analysis  of  graded  heterojunctions  was  developed  based  on  the 
numerical  solution  of  Poisson’s  equation.  The  model  includes  an  approximate 
description  of  the  conduction  band  nonparabolicity  and  carrier  degeneracy.  We 
describe  the  procedures  used  in  crystal  growth  and  device  fabrication  for  both  SB 
and  MIS  structures.  We  demonstrated,  on  the  basis  of  experimental  measure¬ 
ments  and  theoretical  analysis,  that  the  valence  band  discontinuity  in  the 
devices  studied  here  was  0.15±  0.05  eV  and  the  fixedinterface  charge  density  was 
approximately  (3  ±  1)  •  10^®  cm-^.  Also,  we  observed  a  dependence  of  the  C-V 
measurements  on  temperature  which  seems  to  be  caused  by  either  interface 
traps  or  carrier  inversion  at  the  CdTe/HgCdTe  interface. 

Key  words:  CdTe,  HgCeTe,  infrared  detectors,  metalorganic  chemical  vapor 
deposition  (MOCVD),  surface  passivation 


INTRODUCTION 

Fundamental  physical  properties  of  HgCdTe  make 
it  the  material  of  choice  for  infrared  radiation  detec¬ 
tion.^  It  has  been  shown  recently  that  CdTe  can  serve 
as  a  preferred  passivation  material  for  HgCdTe  photo¬ 
diodes.^*^  Consequently,  CdTe/HgCdTe  heterojunc¬ 
tions  have  received  increased  attention.^-^  Also, 
HgCdTe  heterojunctions  are  used  in  advanced  photo¬ 
detector  design.®  The  energy  band  discontinuity  is  an 
important  technological  parameter  in  heterojunction 
devices  because  it  affects  the  energy  band  structure 
and  electrical  behavior  of  the  devices.®*®  The  magni¬ 
tude  of  the  valence  band  discontinuity,  AEy,  in  CdTe/ 
HgCdTe  heterojunctions  has  been  the  subject  of  many 
theoretical  and  experimental  investigations.'^  Never¬ 
theless,  there  is  no  agreement  about  the  exact  value 
of  AEy,  with  reported  values  ranging  from  ^.1  to  0.5  eV. 


(Received  October  13,  1993;  revised  August  15,  1994) 


The  C-V  profiling  is  a  simple  and  accurate  way  of 
measuring  the  energy  band  discontinuities  in  isotype 
heterojunctions.®  The  approach  is  insensitive  to  com¬ 
positional  grading,  as  has  been  shown  by  Kroemer,® 
and  therefore  is  suitable  for  studying  HgCdTe 
heterojunctions  where  grading  is  usually  present.^®*^^ 
Recently,  Chang  et  al.*^  applied  C-V  profiling  to  the 
HgCdTe  layer  grown  by  the  liquid  phase  epitaxy  on 
top  of  the  CdTe  substrate.  These  measurements 
showed  a  negative  energy  band  discontinuity  AE^  = 
(0.11  ±  0.02)  eV  which  is  different  from  most  experi¬ 
mental  results  in  the  literature.'^  In  this  work,  we 
apply  the  C-V  profiling  technique  to  CdTe/HgCdTe 
heterojunctions  grown  by  the  metalorganic  chemical 
vapor  deposition  (MOCVD)  technique.  Both  the 
HgCdTe  substrate  and  the  CdTe  cap  layer  were  grown 
in  situ,  in  single  run,  thus  eliminating  exposure  of  the 
heterointerface  to  ambient  temperature. 

First,  we  present  a  theoretical  model  needed  for 
energy  band  calculation  of  CdTe/HgCdTe  hetero- 
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500  ^im  CdTe  Substrate  (211)B 


Fig.  1 .  Schematic  cross  section  of  the  Schottky  barrier  device  used  in 
this  study. 
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Fig.  2.  Calculated  equilibrium  energy-band  diagram  for  CdT e/HgCdTe 
heterostructure. 

junctions  and  for  analysis  of  the  experimental  C-V 
data.  Quantitative  band  diagrams  for  abrupt  and 
graded  junctions  have  been  presented  previously, 
but  they  do  not  include  conduction  band  nonpara- 
bolicity  which  has  a  significant  effect  in  both  CdTe 
and  HgCdTe.^’^^  Then,  we  describe  the  MOCVD  crys¬ 
tal  growth  and  device  preparation  procedures.  Fi¬ 
nally,  we  use  the  Schottky  barrier  C-V  profiling  of  the 
resulting  CdTe/HgCdTe  heterojunctions  to  determine 
AEy. 

THEORETICAL  MODEL 

In  this  section,  a  numerical  solution  of  the  one¬ 
dimensional  Poisson’s  equation  is  discussed,  suitable 
for  simulation  of  the  C-V  characteristics  of  graded 
heterojunctions.  The  energy  band  structure  of  the 
device  is  needed  for  both  qualitative  and  quantitative 
analysis  of  device  behavior.  A  calculated  energy  band 
diagram  of  the  CdTe/HgCdTe  heterojunction  is  shown 
in  Fig.  2.  Epitaxially  grown  CdTe/HgCdTe  heterojunc¬ 
tions  usually  have  a  graded  interface  between  the  two 
materials;  consequently,  solutions  developed  for 
abrupt  heterojunctions  may  not  lead  to  an  accurate 
result.  In  particular,  variation  of  the  dielectric  con¬ 
stant  is  a  significant  factor  in  CdTe/HgCdTe  hetero¬ 
junctions,  which  leads  to  Poisson’s  equation  of  the 
form 


d2\j/  _  p  1  d£  d\|/ 
dz^  e  8  dz  dz 


(1) 


Here  8(z)  is  the  dielectric  constant  which  varies  with 
distance,  \(/  is  the  electrostatic  potential,  and  p  is  the 
semiconductor  charge  concentration.  Both  electrons 
and  holes  must  be  included  in  the  calculation  because 
both  accumulation  and  inversion  may  exist  in  the 
heterojunction.  The  contribution  of  shallow  impuri¬ 
ties  and  deep  traps  must  also  be  considered,  including 
the  impurity  freeze  out  effect.  The  semiconductor 
charge  concentration  can  be  written  as 

P  =  -q(p-n-N;-N-J  (2) 

where  n  and  p  are  electron  and  hole  concentration, 
respectively,  and  N“  and  N^a  are  concentration  of 
shallow  and  deep  acceptor  impurities.  It  is  assumed 
in  this  work  that  N^a  =  O.INa  with  the  trap  energy 
level  located  in  the  middle  of  the  band  gap.® 

The  cadmium  mole  fraction,  x,  is  assumed  to  vary 
across  the  heterojunction  as  a  complementary  error 
function,  with  a  characteristic  junction  width  Wj 


x(z)  =  Xj  -  0.5  (x^  -  Xglerfc 


'^z-z  ^ 


(3) 


Here  Zj  is  the  junction  location  which  corresponds  to 
the  middle  of  the  transition  region;  x^  =  1  is  the 
cadmium  mole  fraction  of  the  CdTe  layer,  and  Xj  = 
0.225  is  the  cadmium  mole  fraction  of  the  HgCdTe 
substrate  (see  Fig.  1).  All  device  parameters  that 
depend  on  cadmium  composition  vary  along  the  de¬ 
vice  in  accordance  with  Eq.  (3);  for  example,  the 
dielectric  constant  is  assumed  to  vary  as  e  =  20  -  9.4x.® 
Also,  an  expression  similar  to  Eq.  (3)  is  used  to 
describe  grading  of  the  impurity  concentration. 

To  accurately  model  HgCdTe  devices,  carrier  de¬ 
generacy  and  conduction  band  nonparabolicity  must 
be  treated.®’^^  Instead  of  calculating  the  nonparabolic 
Fermi-Dirac  integral,  which  is  a  computationally 
demanding  task,®  the  following  approximation  for  the 
electron  quasi-Fermi  level,  Epj^,  can  be  usedP^ 


(E,j,-Ee)/kT=ln 


^  n  ^ 


vNc„y 


n 


N, 


cp 


(4) 


Here,  kT  is  the  thermal  voltage  and  E^  is  the  conduc¬ 
tion  band  energy.  and  are  coefficients  respon¬ 
sible  for  the  description  of  degeneracy  and  non¬ 
parabolicity  which  depend  on  the  band  gap,  electron 
effective  mass,  and  temperature.^^  It  has  been  shown 
that  this  approximation  results  in  reasonable  accu¬ 
racy  (absolute  error  in  Fermi  energy  less  than  10%) 
for  Epjj  up  to  5  kT  inside  the  conduction  band.^^ 
Because  of  a  simple  analytical  form  of  approx¬ 
imation  Eq.  (4),  Poisson’s  equation  can  be  easily 
solved  in  one  dimension  using,  the  finite  differences 
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method  and  applying  Newton’s  iterations.^^  The  solu¬ 
tion  in  the  absence  of  the  applied  voltages  results  in 
the  equilibrium  carrier  concentration,  while  the  solu¬ 
tion  in  the  presence  of  the  applied  bias,  assuming  no 
current  in  the  device,  leads  to  a  theoretical  C-V 
characteristic  which  can  be  compared  to  experimen¬ 
tal  measurements. 

The  apparent  majority  carrier  concentration,  p, 
can  be  determined  from  a  C-V  characteristic  using  the 
expressions 

p(z)  =  -^(dC/dV)-\ 
qe 


where  C  is  the  capacitance  and  V  is  the  applied  bias. 
The  valence  band  discontinuity  and  the  interface 
carrier  density  can  be  calculated  from  the  apparent 
majority  carrier  distribution  using  the  following  inte¬ 
gral  relations® 


(^i=-J(N;  +  N;^-]p)dz  (6) 

0 


AEy  = 


kTln 


P2  ^  ^V2 

Pi  /Nyi 


AT 


p)(z-zj)dz  (7) 


Here,  q  is  the  electron  charge  and  Ny  is  the  density  of 
states  in  the  valence  band,  which  is  assumed  to  be 
parabolic.  Indices  1  and  2  in  Eq.  (7)  refer  to  equilib¬ 
rium  parameters  of  CdTe  and  HgCdTe,  respectively. 
Expressions  (5),  (6),  and  (7)  were  originally  derived 
for  abrupt  heterojunctions  with  constant  £.  Interest¬ 
ingly,  these  relations  remain  valid  in  the  case  of 
graded  heterojunctions,^  though  all  carrier  densities 
must  be  scaled^^  in  order  to  account  for  a  nonuniform 
electric  permittivity.  It  has  been  shown  that  such 
variable  scaling  does  not  affect  the  value  of  the  inte¬ 
gral  Expressions  (6),  (7),  and  results  in  accurate 
values  of  the  valence  band  discontinuity  and  the 
interface  carrier  density. 

CRYSTAL  GROWTH  AND  DEVICE 
FABRICATION 

We  now  describe  the  procedure  used  for  device 
preparation  in  this  work.  The  samples  were  grown  on 
a  (211)B  CdTe  substrate  by  the  MOCVD  technique  in 
a  horizontal  reactor  using  interdiffused  multilayer 
process  (IMP).  The  growth  temperature  was  360°C 
and  the  growth  rates  were  3.6  and  3  pmTh  for  the  CdTe 
and  HgTe,  respectively.  The  structure  of  the  sample  is 
10  )Lim  of  p-type  HgCdTe  (x  =  0.225)  covered  by  1500- 
2000A  of  CdTe  grown  in  situ  following  the  growth  of 
the  HgCdTe  layer.  Such  a  procedure  avoids  contami¬ 
nation  of  the  CdTe/HgCdTe  interface  by  exposure  to 
the  ambient  atmosphere,  which  may  lead  to  lower 


interface  charge  density.  Normally,  a  heat  treatment 
was  carried  out  for  an  additional  30  to  60  min  at 
growth  temperature  in  order  to  complete  the  homog¬ 
enization  of  HgCdTe.  The  samples  were  Hg  vacancy 
doped  but  we  cannot  reject  the  possibility  of  uninten¬ 
tional  background  doping  with  p-type  impurities. 

The  thickness  of  the  HgCdTe  layer  and  the  compo¬ 
sition  were  derived  from  the  transmission  spectra. 
Secondary  ion  mass  spectroscopy  (SIMS),  selective 
etching,  and  Auger  spectroscopy  measurements  were 
used  to  determine  the  junction  depth,  which  was 
approximately  2000A,  and  junction  grading,  which 
varied  in  the  range  300-800A .  The  effective  doping  of 
the  HgCdTe  layer  N^  =  8  •  10^^  -  2  •  10^®  cm"®  was 
obtained  from  Hall  measurements.  The  doping  of 
CdTe  was  determined  from  Schottky  barrier  C-V 
measurements  and  varied  in  the  range  N^  =  2  *  10^®  - 
2  •  10^'^  cm-®.  Carrier  mobility  in  HgCdTe  was  deter¬ 
mined  from  Hall  measurements  as  p.  =  500-600  cm®/ 
V  •  s,  and  the  life  time  was  equal  to  several  nanosec¬ 
onds. 

The  surface  morphology  of  the  CdTe  cap  layer  is 
mirror-like  with  no  hillock-type  defects  of  any  kind. 
The  HgCdTe  layer,  as  well  as  the  CdTe  cap,  were  free 
of  micro  twins  due  to  growth  in  (211)B  orientation.^® 
The  crystal  structure  was  checked  by  the  double 
crystal  difractometer. 

Schottky  barrier  was  formed  on  top  of  the  CdTe 
layer  by  deposition  of  Ti/Au  (see  Fig.  1),  while  metal 
insulator  semiconductor  (MIS)  capacitor  was  formed 
by  deposition  of 3500-4000A  of  ZnS  on  top  of  the  CdTe 
layer  with  Ti  used  as  gate  metallization.  Ohmic  con¬ 
tacts  were  obtained  in  both  structures  by  etching  of 
the  CdTe  layer  followed  by  deposition  of  Au. 

EXPERIMENTAL  MEASUREMENTS  AND 
DATA  ANALYSIS 

In  this  section,  we  describe  the  results  of  the  ex¬ 
perimental  measurements  and  the  procedure  used  for 
data  analysis. 


APPLIED  VOLTAGE  [V] 

Fig.  3.  A  high  frequency  C-V  characteristic  of  a  Schottky  barrier  device, 
clearly  showing  the  transition  between  CdTe  and  HgCdTe. 
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DISTANCE  FROM  INTERFACE  [  ] 

Fig.  4.  A  comparison  of  experimental  and  theoretical  carrier  con¬ 
centration  at  the  CdTe/HgCdTe  interface.  The  experimental  data  was 
obtained  from  high-frequency  C-V  measurements  of  a  Schottky  barrier 
device,  while  the  theoretical  curve  resulted  from  a  numerical  solution 
of  Poisson’s  equation. 


APPLIED  VOLTAGE  [V] 

Fig.  5.  The  measured  C-V  characteristic  of  an  MIS  device.  Note  a  very 
low  hysteresis  and  the  nearly  flat  band  position  of  the  C-V  curve. 

A  number  of  devices  from  five  different  samples 
were  studied  here.  The  devices  were  mounted  in  a 
cryostat  and  the  temperature  was  varied  in  the  range 
of  70-150°K  The  C-V  measurements  were  recorded 
with  an  HP4280A  C-V  plotter,  for  measurements  at 
constant  frequency  of  1  MHz,  and  with  an  HP4192 
impedance  analyzer,  for  variable  frequency  measure¬ 
ments. 

First,  the  C-V  characteristics  of  SB  devices  were 
measured  at  high  frequency  in  order  to  eliminate  a 
contribution  of  minority  carriers,  which  were  as¬ 
sumed  unable  to  follow  the  high  frequency  oscillations. 
We  considered  a  measurement  to  be  high  frequency 
when  there  was  no  change  in  the  C-V  curve  with  the 


APPLIED  VOLTAGE  [V] 

Fig.  6.  Capacitance-voltage  measurements  of  a  Schottky  barrier 
device  at  various  temperatures. 


DISTANCE  [  ^im  ] 

Fig.  7.  Simulated  energy  bandbending  in  the  presence  of  a  reverse 
bias,  demonstrating  carrier  inversion  at  the  CdTe/HgCdTe  Interface. 

increase  in  measurement  frequency  or  lowering  of 
temperature.  In  Fig.  3,  we  demonstrate  a  high  fre¬ 
quency  C-V  curve  of  a  heterojunction  SB  diode  mea¬ 
sured  at  a  temperature  of  80K  and  frequency  of  1 
MHz.  As  can  be  seen  from  Fig.  3,  a  clear  transition 
from  one  material  to  another  is  observed,  with  the 
intermediate  region  due  to  the  heterointerface.  The 
apparent  carrier  concentration  was  reconstructed  from 
the  measured  C-V  data  using  Eq.  (5).  It  was  found 
that  variations  of  the  dielectric  constant  (e  =  11  for 
CdTe,  8  =  188o  for  HgCdTe  with  x  =  0.225,  where  is 
the  vacuum  dielectric  constant)  are  essential  for  a 
correct  analysis  of  experimental  data.^^  We  calculated 
AEy  from  Eq.  (7)  using  the  apparent  carrier  profile. 
Poisson’s  equation  was  solved  in  quasi-equilibrium 
and  a  theoretical  carrier  profile  was  obtained  using 
information  about  the  junction  location  and  grading 
from  the  Auger  and  SIMS  measurements.  The  value 
of  the  valence  band  discontinuity  was  adjusted  in 
order  to  get  the  best  agreement  between  the  experi- 
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mental  and  theoretical  carrier  profiles,  see  Fig.  4.  The 
preliminary  results  demonstrate  a  small  positive  AE^ 
=  0.15  ±  0.05  eV  in  agreement  with  the  majority  of 
other  experimental  investigations.  The  magnitude  of 
the  interface  charge  was  then  calculated  with  the  help 
of  Eq.  (6)  and  using  the  assumed  ^{z)  dependence.  We 
found  that  the  magnitude  of  a.  obtained  from  Eq.  (6) 
strongly  depended  on  the  assumed  junction  position, 
and  an  error  of  lOOA  in  the  junction  position  led  to  an 
order-of-magnitude  error  in  a..  This  effect  led  to  addi¬ 
tional  complications  in  the  interpretation  of  C-V  data 
since  it  was  difficult  to  determine  the  precise  junction 
location  in  the  graded  heterojunction.  Consequently, 
we  used  C-V  measurements  of  MIS  devices  to  deter¬ 
mine  a.  independently.  In  Fig.  5,  we  present  a  C-V 
measurement  of  an  MIS  device.  As  can  be  seen  from 
the  figure,  practically  no  hysterisis  is  observed  and 
the  MIS  capacitor  is  near  the  flat  band.  The  value  of 
the  flat  band  voltage  was  used  to  calculate  a..  Both  SB 
and  MIS  measurements  point  to  a  relatively  low  fixed 
interface  charge  a.  =  (3  ±  1)  10^®  cm-^,  assuming  no 
contribution  from  charges  at  the  ZnS/CdTe  interface. 

Measurements  of  Schottky  barrier  C-V  charac¬ 
teristics  at  various  temperatures  demonstrated  a 
strong  temperature  dependence  for  temperatures 
above  90K  (Fig.  6).  Temperature  and  frequency  de¬ 
pendence  of  heterojunction  C-V  measurements  were 
previously  observed  in  GalnAs  devices  and  were  at¬ 
tributed  to  interface  traps,  caused  by  lattice  mis¬ 
match  at  the  heterojunction. Another  possible  ex¬ 
planation  is  the  presence  of  carrier  inversion  at  CdTe/ 
HgCdTe  interface  under  a  large  reverse  bias.  A  poten¬ 
tial  barrier  is  formed  for  minority  electrons,  because 
of  a  large  conduction  band  discontinuity,  causing 
carrier  inversion  at  the  CdTe/HgCdTe  interface.  In 
Fig.  7,  we  present  a  theoretical  calculation  of  the 
energy  band  structure  in  the  presence  of  reverse  bias. 
As  can  be  seen  from  the  figure,  the  Fermi  level 
approaches  the  conduction  band  in  the  vicinity  of  the 
interface,  leading  to  a  large  concentration  of  minority 
electrons.  Note  that  the  measurements  of  AE^  de¬ 
scribed  above  were  performed  at  low  temperatures  (T 
<  90K),  where  we  expect  the  high  frequency  condition 
to  hold  with  only  majority  carriers  contributing  to  the 
measured  capacitance. 

CONCLUSIONS 

In  conclusion,  we  investigated  MOC  VD  grown  CdTe/ 
HgCdTe  heterojunctions  by  applying  the  C-V  profil¬ 
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ing  technique  to  Schottky  barrier  devices.  A  theoreti¬ 
cal  model  was  developed  that  includes  the  description 
of  energy  band  nonparabolicity  and  carrier  degen¬ 
eracy  which  are  essential  for  analysis  of  CdTe/HgCdTe 
heterojunctions.  Using  this  model  and  applying  the 
C-V  profiling  theory  of  graded  heterojunctions,  we 
determined  the  valence  band  discontinuity  and  the 
interface  carrier  density  from  experimental  C-V 
measurements.  It  was  shown  that  a  small  positive 
AEy  =  0.15  ±  0.05  eV  was  observed  in  agreement  with 
the  majority  of  published  experimental  data.  Also,  a 
relatively  low  interface  charge  density  Gj  =  (3  ±  1)  10^^ 
cm~^  was  extracted  from  both  MIS  and  SB  measure¬ 
ments. 
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Metalorganic  Chemical  Vapor  Deposition  of  HgCdTe 
for  Photodiode  Appiications 
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Metalorganic  chemical  vapor  depositon  (MOCVD)  in  situ  growth  of  p-on-n 
junctions  for  long  wavelength  infrared  (LWIR)  and  medium  wavelength  infrared 
(MWIR)  photodiodes  is  reported.  The  interdiffused  multilayer  process  was  used 
for  the  growth  of  the  HgCdTe  junctions  on  CdTe  and  CdZnTe  substrates.  The  n^ 
type  region  was  grown  undoped  while  the  p-type  layer  was  arsenic  doped  using 
tertiarybutylarsine.  Following  a  low  temperature  anneal  in  Hg  vapor,  carrier 
densities  of  (0.2-*2)  x  10^^  cm-^  and  mobilities  of  (0.7-1. 2)  x  10^  cmW-s  were 
obtained  for  n-type  LWIR  (x  -  0.22)  layers  at  80K.  Carrier  lifetimes  of  these 
layers  at  80  K  are  -1-2  ps.  For  the  p-type  region  arsenic  doping  was  controlled 
in  the  range  of  (1-20)  x  10^®  cm-^  Arsenic  doping  levels  in  the  junctions  were 
determined  by  calibrated  secondary  ion  mass  spectroscopy  depth  profile  mea¬ 
surements.  Composition  and  doping  of  the  p-on-n  heterojunctions  could  be 
independently  controlled  so  that  the  electrical  junction  could  be  located  deeper 
than  the  change  in  the  composition.  The  graded  composition  region  between  the 
narrow  and  wide  (x  =  0.28-0.30)  bandgap  regions  are  1-2  pm  depending  on  the 
growth  temperature.  Backside-illuminated  variable-area  circular  mesa  photo¬ 
diode  arrays  were  fabricated  on  the  grown  junctions  as  well  as  on  ion  implanted 
n-on-p  MWIR  junctions.  The  spectral  responses  are  classical  in  shape.  Quantum 
efficiencies  at  80K  are  42-77%  for  devices  without  anti-reflection  coating  and 
with  cutoff  wavelengths  of  4.8-11.0  pm.  Quantum  efficiencies  are  independent 
of  reverse  bias  voltage  and  do  not  decrease  strongly  at  lower  temperatures 
indicating  that  valence  band  barrier  effects  are  not  present.  80K  R^^A  of  15.9  Q- 
cm^  was  obtained  for  an  array  with  11.0  pm  cutoff.  Detailed  measurements  of  the 
characteristics  of  the  MOCVD  in  situ  grown  and  implanted  photodiodes  are 
reported. 

Key  words:  HgCdTe,  infrared  detectors,  metalorganic  chemical  vapor 
deposition  (MOCVD) 


INTRODUCTION 

Metalorganic  chemical  vapor  deposition  (MOCVD) 
of  epitaxial  HgCdTe  offers  the  attractive  opportunity 
to  grow  in  situ  structures  for  infrared  detectors  such 
as  p-on-n  or  n-on-p  junctions  as  well  as  more  complex 
multilayer  device  architectures.  In  order  to  grow  such 
structures,  good  control  of  composition  as  well  as 
doping  is  essential.  Furthermore,  the  individual  p- 
and  n-t5rpe  layers  must  have  electrical  properties  and 
carrier  lifetimes  consistent  with  theoretical  ex- 
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pectations  for  HgCdTe  with  low  defect  density. 

Considerable  progress  has  been  achieved  in  recent 
years  in  HgCdTe  epitaxy  by  MOCVD  using  both 
interdiffused  multilayer  process  (IMP)^  and  direct 
alloy  growth  (DAG).  These  include  high  composition 
and  thickness  uniformity, high  crystalline  quality 
limited  only  by  that  of  the  substrates  used,^  the 
capability  of  in  situ  monitoring^  as  well  as  the  ability 
to  extrinsically  dope  the  layers  n-lype^^^  and  p-fype.^^^^ 
Fabrication  of  infrared  photodiodes  has  been  reported 
where  the  p-n  junctions  are  formed  by  Hg  diffusion,^^ 
arsenic  ion  implantation,  diffusion  and  activation^  or 
p-type  LPE  growth  on  n-type  absorber  layers.®’^^  How- 
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ever,  progress  in  the  in  situ  growth  of  p-n  junctions  by 
MOCVD  and  detailed  characterization  of  the  photo¬ 
diodes  has  been  very  limited.  This  is  at  least  in 
part  due  to  problems  with  p-type  doping  which  has 
not  been  optimal.  Junctions  grown  in  situ  offer  the 
benefit  of  growing  the  photodiode  structure  in  a  single 
growth  run  over  the  laborious  process  of  junction 
formation  by  ion  implantation,  dopant  diffusion,  and 
activation  or  by  liquid  phase  epitaxy  (LPE)  growth  of 
a  p-type  layer  on  an  MOCVD  grown  n-type  layer. 
Grown  junctions  also  offer  the  most  direct  and  straight¬ 
forward  route  to  more  complex  device  structures  such 
as  the  LWIR/MWIR  p-n-N-P  independently  accessed 
back-to-back  dual-band  photodiodes,  described  else¬ 
where  in  these  proceedings.^® 

In  this  paper  MOCVD-IMP  in  situ  growth  of  p-n 
junctions  for  long  wave  (8-12  jam)  and  medium  wave 
(3-5  |im)  infrared  (LWIR  and  MWIR)  photodiodes  is 
described  and  their  electrical  and  optical  characteris¬ 
tics  are  reported.  The  n-type  regions  were  grown 
undoped  and  rely  on  the  background  donors  following 
a  Hg  anneal.  The  p-type  regions  were  doped  with 
arsenic  using  tertiarybutylarsine  (TBAs).  Although 
the  primary  emphasis  of  this  paper  is  on  in  situ  grown 
p-on-n  junctions,  the  performance  characteristics  of  a 
boron  implanted  MWIR  photodiode  array  on  vacancy 
doped  p-type  HgCdTe,  is  also  described  for  the  pur¬ 
pose  of  comparison.  Since  photodiode  performance  is 
strongly  dependent  on  the  properties  of  the  individual 
n-type  and  p-type  layers,  junction  doping  and  compo¬ 
sition  profiles,  detailed  epilayer  and  junction  charac¬ 
terization  is  also  reported. 

MOCVD  GROWTH 

Metalorganic  chemical  vapor  deposition  of  HgCdTe 
was  performed  using  the  interdiffused  multilayer 
process  where  alternating  layers  of  HgTe  and  CdTe 
are  grown  and  subsequently  allowed  to  interdiffuse  to 
a  homogeneous  alloy  composition.  The  total  thickness 
of  the  CdTe-HgTe  pairs  in  each  cycle  was  <0.10  jam 
with  the  alloy  composition  determined  by  the  relative 
thicknesses  of  the  binaries .  Growth  was  carried  out  in 
a  horizontal  geometry  reactor  built  by  Metals  Re¬ 
search  Semiconductors  Ltd.  at  near  atmospheric  pres¬ 
sure.  Growth  temperature  was  in  the  range  of  350- 
370°C.  CdTe  and  lattice  matched  CdZnTe  (4%  nomi¬ 
nal  Zn  content)  substrates  with  orientations  of  (2 1 1  )B 
and  (100)4°  misoriented  toward  the  nearest  <110> 
were  used.  An  elemental  Hg  source  heated  to  250- 
255°C  located  in  close  proximity  to  the  susceptor  was 
used  as  the  source  of  Hg  vapor.  The  organometallic 
precursors  used  were  dimethylcadmium  and 
diisopropyltelluride  at  partial  pressures  of  (1-3)  x  10"® 
atm.  High  purity  palladium  diffused  hydrogen  was 
used  as  the  carrier  gas.  Substrate  rotation,  which  in 
this  reactor  has  resulted  in  extremely  uniform  layers 
with  variation  in  alloy  composition  and  thickness  of 
<1%  over  6  cm^  wafer  areas,  was  not  used  in  the 
present  work. 

For  arsenic  doping  TBAs  was  injected  in  the  reactor 
only  during  the  CdTe  growth  cycle  at  a  IIAH  ratio  of 


1. 1-1.2  since  it  has  higher  incorporation  efficiency 
under  metal  rich  conditions. A  double  dilution  flow 
configuration  was  used  for  the  TBAs  bubbler,  which 
enabled  tight  control  of  the  dopant  injection  with 
partial  pressures  in  the  range  5  x  10”®-!  x  10"^  atm. 
Under  these  conditions,  arsenic  incorporation  in  the 
HgCdTe  could  be  controlled  in  the  range  of  2  x  10^®- 
4  X  10^'^cm-®.  The  double  dilution  approach  to  arsenic 
doping  is  especially  useful  for  controlling  different 
dopant  levels  within  a  layer  structure  during  a  single 
growth  run.  The  activation  of  arsenic  as  acceptors  was 
found  to  be  near  100%  up  to  -2  x  10^'^  cm“®  using 
secondary  ion  mass  spectroscopy  (SIMS).  The  accu¬ 
racy  of  the  SIMS  calibration  standard,  however,  was 
quoted  to  be  within  a  factor  of  two  at  these  doping 
levels.  The  n-type  regions  in  the  junctions  were  grown 
undoped.  The  LWIR  p-on-n  homojunctions  were  grown 
by  switching  on  TBAs  flow  at  a  specific  rate  during  the 
p-type  layer  growth,  without  changing  the  IMP  cycle 
thicknesses.  No  change  in  the  alloy  composition  was 
observed  when  TBAs  was  injected  for  doping  levels 
<1 X 10^'^  cm-®.  The  p-on-n  heterojunctions  were  grown 
similarly  except  that  TBAs  was  injected  a  few  steps 
prior  to  where  the  IMP  cycle  binary  thickness  ratio 
was  altered  for  the  wider  bandgap  cap  layer.  Arsenic 
doping  in  the  p-on-n  junctions  was  varied  in  the  range 
(0.2-2)  X  10^"^  cm"®.  The  epilayers  were  then  annealed 
in  situ  at  350-390°C  to  complete  the  interdiffusion  of 
the  “binary”  layers  to  homogeneous  alloys.  All  of  the 
HgCdTe  epilayers  were  then  subjected  to  a  stoichio¬ 
metric  anneal  at  230°C  under  Hg  vapor  to  fill  the  Hg 
vacancies  in  the  as-grown  lattice.  The  thicknesses  of 
the  n-type  and  p-type  layers  are  10-15  jiim  and  1-3 
]Lim,  respectively. 

CHARACTERIZATION 

Alloy  composition  and  epilayer  thickness  were  de¬ 
termined  from  infrared  transmission  measurements 
at  300K.  Carrier  concentration  and  mobility  were 
determined  from  Hall  effect  measurements  of  single 
homogeneous  epilayers  at  20-300K  and  magnetic 
field  strengths  in  the  range  of  1.25  to  5.0  kG.  Lifetime 
characterization  was  carried  out  primarily  by  tran¬ 
sient  millimeter  wave  reflectance  (TMR)  and  in  some 
cases  by  standard  transient  photoconductive  decay. 
The  details  of  the  TMR  lifetime  test  system  have  been 
described  previously.^®  The  noncontact  TMR  tech¬ 
nique  has  been  shown  to  yield  results  identical  to  PC 
decay  over  a  wide  range  of  lifetimes  from  -5  ns  to  >10 
|Lis.  Laser  irradiance  was  kept  low  to  ensure  that 
photo-excitation  was  in  the  low  injection  regime  and 
the  lifetime  was  insensitive  to  irradiance  level.  All  of 
the  films  were  tested  unpassivated  and  were  wet 
etched  lightly  in  a  Br-methanol  solution  just  prior  to 
the  measurements. 

Calibrated  SIMS  depth  profiling  was  used  to  deter¬ 
mine  dopant  concentration  as  well  as  composition 
profiles^o  in  the  heterostructures.  All  SIMS  measure¬ 
ments  were  performed  at  Charles  Evans  &  Associ¬ 
ates,  Redwood  City,  CA.  Cs+  ion  bombardment  was 
used  for  measuring  the  dopant  and  depth  pro- 
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files.  For  heterostructures  the  alloy  composition  of 
the  lower  bandgap  region  was  determined  by  Fourier 
transform  infrared  (FTIR)  transmission  which  served 
as  the  calibration  standard  for  determining  the  entire 
composition  profile  from  the  ^^^Te  signal  intensity. 

Variable  area  photodiode  arrays^^  were  fabricated 
using  the  grown  p-on-n  and  implanted  n-on-p  junc¬ 
tions.  The  arrays  consisted  of  43  ZnS-passivated  widely 
separated  circular  mesa  photodiodes  having  radii  in 
the  20-175  pm  range.  The  arrays  were  bump  inter¬ 
connected  to  a  circuit  board  and  tested  in  the  back¬ 
side-illuminated  configuration.  No  antireflection  coat¬ 
ing  was  used  on  the  substrate  surface.  These  photo¬ 
diodes  were  characterized  for  I-V  curves,  zero  bias 
resistance  area  product  R^A,  quantum  efficiency,  ef¬ 
fective  lateral  optical  collection  length,  and  spectral 
response. 

CHARACTERIZATION  RESULTS 
Single  Layer  Films 

As-grown,  the  undoped  HgCdTe  layers  were  well- 
behaved  p-type,  due  to  Hg  vacancies,  with  hole  con¬ 
centrations  dependent  on  the  growth,  temperature, 
and  Hg  partial  pressure.  Upon  annealing  under  satu¬ 
rated  Hg  vapor  at  235°C,  the  films  converted  to  n-type 
with  classical  temperature  dependence  of  Hall  mobil¬ 
ity  and  carrier  concentration.  Background  carrier 
concentrations  at  80K  in  the  range  (3—20)  x  10^^  cm-^ 
are  observed  in  our  MOCVD  grown  undoped  n-type 
films  with  the  variation  most  likely  due  to  diffusion  of 
substrate  impurities  into  the  HgCdTe  during  growth. 
For  example,  for  substrates  from  a  specific  boule, 
variation  in  background  concentration  was  signifi¬ 
cantly  less,  varying  in  the  range  (3-8)  x  10^^  cm-^.  80K 
mobility  of  a  large  number  of  single  layers  with  x  = 
0.19-0.32  for  both  (100)4°  and  (211)B  oriented  films  is 


0.19  0.21  0.23  0.25  0.27  0.29  0.31  0.33 


X-VALUE 

Fig.  1 . 80K  mobility  of  MOCVD  grown  undoped  n-type  HgCdTe  vs  x- 
values  for  (100)4°  and  (21 1)B  oriented  films.  The  solid  line  is  a  fit  to 
recent  In-doped  LPE  data. 


15  pm.  The  solid  line  is  obtained  from  a  fit  to  a  large 
number  of  recent  In  doped  (lx  10^^  cm"^)  LPE  grown 
HgCdTe  films.22  The  mobilities  over  a  wide  range  of  x 
values  are  shown  to  be  independent  of  orientation  and 
are  similar  to  those  for  indium  doped  MOCVD^  and 
close  to  state  of  the  art  In-doped  LPE  grown  HgCdTe 
films  for  the  corresponding  x- values. 

The  temperature  dependence  of  the  transient  life¬ 
time  on  an  n-t3rpe  epilayer  M209  with  x  =  0.24  is 
shown  in  Fig.  2.  For  M209,  carrier  concentration  of 
1.03  X  10^^  cm~^  and  mobility  of  8.0  x  10^  cmW-s  were 
measured  at  80K.  A  calculation  of  the  various  recom¬ 
bination  mechanisms  show  that  Auger  recombina¬ 
tion  is  the  dominant  process  governing  lifetime  in  this 
case  and  the  radiative  recombination  component  is 
not  significant.  The  Shockley-Read  (S-R)  component 
is  also  not  significant  as  evidenced  by  the  low  Hg- 
vacancy  and  deep  level  acceptor  densities  used  in  the 
fit.  The  capture  cross-sections  used  in  the  fit  are  the 


Fig.  2.  Temperature  dependence  of  lifetimes  and  modeling  results  of 
undoped  n-type  layers  with  x  =  0.24. 


Fig.  3.  The  dependence  of  80K  lifetimes  on  composition  in  MOCVD 
grown  undoped  n-type  HgCdTe.  The  solid  and  dotted  lines  are  due  to 
Auger  +  radiative  recombination  calculated  for  values  of  1 .0  x  1 0^^ 
and  1 .8  X  1 0^®  cm-^,  respectively,  the  limits  of  the  80K  carrier  concen¬ 
tration  range  of  samples  used  in  the  plot. 
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CARRIER  CONCENTRATION  (cm-3) 

Fig.  4.  80K  lifetimes  of  MOCVD  undoped  n-type  x  =  0.21  HgCdTe 
layers  vs  80K  carrier  concentration.  The  solid  line  is  the  calculated 
Auger  lifetime  while  the  dotted  line  is  the  trend  observed  in  In  doped 
LPE  films. 
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Fig.  5.  SIMS  depth  profiles  of  composition  and  arsenic  doping  in  an 
LWIR  MOCVD  grown  p-on-n  heterojunction. 

same  as  used  previously^^  to  analyze  vacancy  doped  p- 
type  HgCdTe.  The  model  is  used,  essentially  un¬ 
changed,  to  describe  S-R  recombination  in  n-type 
HgCdTe  by  varying  the  Hg-vacancy  and  deep  level 
densities.  An  Auger  form  factor  =  0.235  was 
assumed  in  the  calculation  and  is  consistent  with  that 
used  in  fitting  the  temperature  dependence  of  life¬ 
times  of  several  undoped  n-type  MOCVD  HgCdTe 


films  grown  in  our  laboratory. 

The  80K  lifetimes  measured  on  several  undoped  n- 
type  layers,  with  carrier  concentrations  of  (1-1.8)  x 
10^^  cm-^  and  x-values  in  the  range  0.20-0.28,  are 
plotted  in  Fig.  3.  The  theoretical  Auger  +  radiative 
lifetime  calculations  at  80K  for  the  upper  and  lower 
limits  of  the  electron  concentrations  are  also  shown. 
Most  of  the  measured  lifetimes  fall  within  the  calcu¬ 
lated  Auger  limits  demonstrating  Auger  limited  life¬ 
times  are  attainable  for  undoped  n-type  HgCdTe 
grown  by  MOCVD  for  these  alloy  compositions  and 
carrier  concentrations.  It  should  be  noted  that  surface 
recombination  effects  have  not  been  included  in  the 
present  analysis.  The  lifetime  results  reported  here 
on  undoped  n-type  HgCdTe  are  similar  to  results 
reported  on  In-doped  MOCVD  grown®*^'^^  n-type  films 
where  Auger  limited  lifetimes  have  also  been  ob¬ 
served  at  electron  concentrations  n^  >  1  x  10^^  cm"^ 

A  plot  of  80K  lifetime  vs  carrier  concentration  for 
undoped,  unpassivated  x  =  0.21  n-type  films  is  shown 
in  Fig.  4.  For  comparison,  the  Auger  limit  and  the 
trend  line  for  lifetimes  reported  for  x  =  0.21  In-doped 
LPE  grown  HgCdTe^^  are  also  shown.  The  plot  shows 
Auger  limited  lifetime  for  the  MOCVD  HgCdTe  with 
carrier  concentration  >1  x  10^^  cm“^.  At  lower  concen¬ 
tration  the  lifetime  is  S-R  limited  with  somewhat 
shorter  lifetimes  than  shown  by  the  LPE  trend  line. 
For  mid  10^^  cm“^  carrier  concentration,  the  lifetimes 
of  the  MOCVD  layers  is  a  factor  of  two  lower  than  the 
LPE  trend  line. 

The  arsenic-doped  p-type  HgCdTe  films  show  clas¬ 
sical  temperature  dependence  of  Hall  parameters. 
From  the  slope  of  the  carrier  concentration  in  the 
freezout  region  acceptor  ionization  energies  in  the 
range  6-10  meV  were  obtained  for  x  =  0.30  arsenic- 
doped  HgCdTe.  Hole  concentrations  in  these  films 
were  in  the  range  of  3  x  10^^  to  5  x  10^®  cm“^.  Acceptor 
ionization  energies  of  6  meV  have  been  reported  for  x 
=  0.30  arsenic-doped  LPE  HgCdTe.^^ 

For  MOCVD-IMP  grown  p-type  films  with  x  =  0.21 
we  have  previously  reported^"^  that  longer  lifetimes 
were  observed  for  arsenic-doped  as  compared  to  va¬ 
cancy-doped  HgCdTe.  Similar  results  have  been  ob¬ 
tained  for  X  =  0.30  arsenic  doped  layers.  For  low  10^^ 
cm"^  hole  concentration  the  lifetimes  are  200-350  ns. 
These  values  are  a  factor  of  2-5  lower  than  the 
radiative  limit.  Although  these  lifetime  values  are 
higher  than  previously  reported  in  MOCVD  arsenic 
doped  HgCdTe,^^  they  are  nevertheless  below  the 
values  observed  in  LPE  arsenic  doped  HgCdTe  where 
for  X  =  0.30  the  lifetimes  are  at  the  radiative  limit  over 
a  wide  range  of  hole  concentrations. This  difference 
in  lifetime  could  be  due  to  higher  density  of  defects  in 
arsenic-doped  HgCdTe  grown  by  MOCVD  usingTBAs. 

Grown  Junction  Films 

SIMS  depth  profiles  of  signal  intensity  and 
arsenic  provide  a  highly  effective  means  of  determin¬ 
ing  the  composition  and  arsenic  doping  profiles  in  a 
grown  junction.  An  example  of  a  p-on-n  heterojunction 
with  X  =  0.315  arsenic  doped  cap  layer  on  an  undoped 
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n-type  LWIR  (x  =  0.235)  layer  grown  on  a  CdTe(211)B 
substrate  is  shown  in  Fig.  5.  To  separate  the  electrical 
junction  from  the  onset  of  the  change  in  the  alloy 
composition,  TBAs  was  injected  a  few  IMP  cycles 
prior  to  changing  conditions  for  the  wider  bandgap 
composition.  Following  growth,  the  structure  was 
annealed  in  situ  at  390°C.  The  change  in  the  arsenic 
level  from  1  x  10^®  to  5  x  10^®  cm“^  occurs  over  less  than 
0.5  pm  resulting  in  a  sharp  rise  before  it  levels  off  at 
1  X  10^'^  cm-^.  The  data  show  that  arsenic  doping  and 
alloy  composition  can  be  independently  controlled  in 
MOCVD  growth  and  demonstrates  that  hetero¬ 
junctions  without  valence  band  barriers  can  be  grown. 
The  data  also  indicate  that  the  arsenic  is  incorporated 
in  the  Te-sublattice  since  minimal  diffusion  has 
occured. 

An  example  of  a  32  pm  thick  MOCVD  grown  multi¬ 
layer  structure  is  shown  in  Fig.  6.  This  is  a  p-n-N-P 
LWIR/MWIR  dual  band  detector  structure^®  grown  on 
an  X  =  0.42  arsenic  doped  buffer  layer  on  CdTe(211)B. 
The  p-on-n  LWIR  detector  is  a  heterojunction  grown 
on  an  n-on-p  MWIR  homojunction.  The  graded  com¬ 
position  region  in  the  heterostructure  is  -1.5  pm.  The 
growth  of  this  structure  demonstrates  that  arsenic 
doping  can  be  controlled  sufficiently  to  produce  differ¬ 
ent  doping  levels  during  a  single  growth  run  enabling 
the  growth  of  complex  device  architectures. 

PHOTODIODE  RESULTS  AND  DISCUSSION 

We  report  data  in  this  section  for  two  different 
configurations  of  photodiodes  fabricated  from 
MOCVD-IMP  HgCdTe  films:  ion  implanted  n-on-p 
MWIR  homojunctions  on  Hg-vacancy  doped  p-type 
HgCdTe  single  layer  films,  and  in  situ  grown  LWIR  p- 
on-n  homojunctions  and  heterojunctions. 

The  characteristics  of  the  variable-area  arrays  in 
each  of  these  two  configurations  are  summarized  in 
Table  I.  All  data  in  Table  I  are  for  a  temperature  of 


80K.  This  table  lists  the  film  number,  the  substrate 
material  and  orientation,  the  array  number,  the  aver¬ 
age  cutoff  wavelength  at  80K,  the  total  variation 
(max-min)  in  percent  of  over  the  array,  the  R^A  at 
80K  of  the  best  element  of  the  array,  the  one-dimen¬ 
sional  quantum  efficiency  QE(ID),  and  the  optical 
collection  length  Lqp^.  The  latter  two  quantities  were 
deduced  from  the  dependence  of  quantum  efficiency 
on  junction  area  in  the  variable-area  photodiode  ar- 
rays.21  The  data  in  Table  I  show  that  the  cutoff 
wavelength  is  generally  quite  uniform  within  each 
array,  and  reasonably  uniform  for  arrays  from  the 


DEPTH  (microns) 


Fig.  6.  SIMS  depth  profile  of  composition  and  arsenic  doping  in  a  p-n- 
N-P  dual  band  detector  structure  grown  on  an  x  =  0,42  arsenic  doped 
buffer  layer. 


Table  I.  Summary  of  MOCVD-Grown  Photodiode  Results 


QE 


Film 

Device 

Configuration 

Substrate 

Array 

^0 

(ilm) 

^co 

(%) 

R.A 

(ohm-cm^) 

(ID) 

(%) 

^OPT 

((Xm) 

177 

Implant  n-on-p 

CdZnTe(100)4°^(110) 

A 

4.80 

5.0 

2.62  X  W 

74 

31 

175 

Grown  p-on-n 

CdZnTe(100)4°^(110) 

A 

6.36 

3.4 

9.01  X  103 

67 

28 

B 

6.08 

1.0 

2.37  X  104 

72 

32 

C 

6.11 

2.1 

9.64  X  103 

71 

29 

D 

6.24 

2.8 

1.10  X  104 

70 

29 

181A 

Grown  p-on-n 

CdTe(100)2°^(110) 

A 

5.99 

1.9 

9.40  X  103 

77 

14 

181BC 

Grown  p-on-n 

CdZnTe(100)4°^(110) 

B 

5.10 

2.3 

3,80  X  104 

42 

18 

193 

Grown  p-on-n 

CdZn(211)Te 

C 

7.76 

0.3 

184 

63 

8 

197 

Grown  p-on-n 

CdTe(211)Te 

B 

7.74 

1.5 

336 

52 

9 

A1 

7.76 

1.1 

213 

59 

10 

209 

Grown  p-on-n 

CdZnTe(211)Te 

A1 

9.10 

1.9 

142 

55 

17 

A2 

8.68 

2.5 

374 

46 

24 

211 

Grown  p-on-n 

CdZnTe(211)Te 

A1 

11.03 

7.2 

15.0 

47 

10 

A2 

10.96 

1,5 

15.9 

49 

9 

257 

Grown  p-on-n 

CdZnTe(100)4°-4(110) 

A1 

8.94 

1,8 

"33.6 

62 

13 

264A 

Grown  p-on-n 

CdTe(211)Te 

A1 

7.03 

6.9 

619 

63 

5 

264B 

Grown  p-on-n 

CdTe(211)Te 

B2 

8.36 

0.5 

93.4 

68 

5 
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Fig.  7.  Spectral  response  (80K)  and  1-V  curves  (80  and  1 10K)  for  an 
MWIR  n-on-p  implanted  photodiode  grown  on  (100)4°  CdZnTe  sub¬ 
strate. 
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Fig.  8.  80K  spectral  response  and  l-V  curves  for  an  LWIR  p-on-n 
MOCVD-IMP  grown  photodiode.  _ 

same  film,  although  no  special  measures  were  taken 
to  optimize  the  lateral  imiformity  in  the  HgCdTe  alloy 
composition  over  the  film,  such  as  rotation  of  the 
substrate  during  MOCVD  growth. 


Implanted  n-on-p  Photodiodes 

The  spectral  response  and  I-V  curves  of  one  element 
of  an  MWIR  n-on-p  photodiode  variable-area  fabri¬ 
cated  by  boron  ion  implantation  into  Hg-vacancy 
doped  p-type  HgCdTe  grown  on  a  (100)  CdZnTe  sub¬ 
strate  are  shown  in  Fig.  7.  This  film  was  grown  and 
interdiffused  at  a  temperature  of  350°C  to  provide  a 
low  concentration  of  Hg  vacancy  acceptors.  Measure¬ 
ments  on  a  section  of  this  film  gave  an  as-grown  hole 
concentration  of  3.75  x  10^®  cm-*,  a  mobility  of 323  cmV 
V-s,  and  a  lifetime  of  0.7  psec,  all  measured  at  80K.  As 
shown  in  Fig.  7,  the  spectral  response  curve  is  classi¬ 
cal  in  shape.  The  one-dimensional  quantum  efficiency 
values  of  70%  at  80K  and  74%  at  IlOK  are  close  to  the 
maximum  of  80%  expected  with  no  anti-reflection 
coating.  The  best  R^A  values  measured  for  this  array 
are  2.6  X  10®  ohm-cm*  at  80K  and  2.5  x  10®  ohm-cm*  at 
llOK.  This  R(^  value  at  IlOK  is  comparable  to  those 
of  implanted  n-on-p  photodiodes  formed  in  p-type  Hg- 


Cutoff  Wavelength  ifm) 

Fig.  9.  RgA  data  at  80  K  for  MOCVD  in  situ  grown  p-on-n  junctions.  The 
solid  line  is  the  calculated  R/  due  to  diffusion  current  from  the  n-layer 
only  for  a  thickness  of  1 5  pm  and  lifetime  determined  by  the  Auger 
mechanism.  The  dashed  line  is  due  to  depletion  layer  g-r  calculation 
with  a  surface  recombination  velocity  of  1  x  1 0'*  cm/s. 


vacancy  doped  LPE  films  of  the  same  cutoff  wave¬ 
length.*® 

p-on-n  In  Situ  Grown  Photodiodes 

The  data  for  in  situ  grown  p-on-n  MOCVD  photo¬ 
diodes  summarized  in  Table  I  demonstrate  that  good 
quantum  efficiencies  are  achievable,  especially  when 
compared  to  the  maximum  quantum  efficiency  of  80% 
for  the  case  here  of  no  antireflection  coating.  The 
optical  collection  length  values  in  Table  I  are  gener¬ 
ally  consistent  with  the  minority  carrier  diffusion 
lengths  expected  for  n-type  HgCdTe  with  doping  in 
the  0.5-2  X  10^®  cm-*  range. 

Spectral  response  and  current-voltage  (I-V)  curves 
for  a  p-on-n  photodiode  grown  in  situ  by  MOCVD  (film 
209)  is  shown  in  Fig.  8.  The  data  illustrate  two  general 
trends  in  all  the  LWIR  p-on-n  MOCVD  photodiodes. 
The  spectral  response  is  usually  classical  in  shape, 
with  no  sign  of  interface  recombination  effects.  And 
the  reverse  bias  I-V  curves  show  strong  evidence  of 
defect-generated  current,  with  rapid  increases  in  cur¬ 
rent  with  increasing  reverse  bias  voltage. 

The  R^A  data  at  80K  for  the  p-on-n  in  situ  grown 
MOCVD  junction  arrays  listed  in  Table  I  are  plotted 
vs  cutoff  wavelength  in  Fig.  9.  For  comparison,  the 
state-of-the-art  R^A  values  for  p-on-n  LPE  two-layer 
heterojimctions  are  indicated  by  the  heavy  dashed 
line.  One  can  see  that  the  MOCVD  grown  junction 
data  for  a  cutoff  wavelength  of  11  pm  (Film  211)  are 
within  a  factor  of  four  of  the  LPE  trend  line.  The  solid 
line  in  Fig.  9  is  the  calculated  R(,A  due  to  diffusion 
current  from  the  n-layer  only,  for  a  thickness  of  15  pm 
and  a  lifetime  determined  by  the  Auger- 1  mechanism. 
The  dashed  line  is  the  calculated  R^A  product  due  to 
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depletion  layer  g-r  current,  for  doping  levels  of  1  x  10^^ 
and  1 X 10^®  cm“^  on  the  n-side  and  p-side,  respectively, 
and  for  a  depleted  surface  recombination  velocity  of 
1  X  10^  cm/s.  The  calculated  g-r  limited  R^A  values 
increase  proportionally  to  the  assumed  value  for  S^. 
For  typical  LPE  p-on-n  heterojunction  photodiodes, 
is  typically  1  x  10^  cm/s  or  less.  Figure  9  indicates 
that  these  in  situ  grown  MOCVD  p-on-n  junctions 
have  values  above  1  x  10^  cm/s. 

There  are  no  published  data  in  the  literature  for  in 
situ  grown  p-on-n  or  n-on-p  HgCdTe  junctions  by 
MOCVD-IMP  that  we  can  compare  our  data  to.  How¬ 
ever,  in  unpublished  work,  Muzilla  et  al.  reported^^ 
RqA  products  at  80K  greater  than  100  ohm-cm^  and 
quantum  efficiencies  of  30-65  %  (with  anti-reflection 
coating)  for  64  x  64  backside-illuminated  arrays  of 
mesa  photodiodes  with  CdTe  passivation  and  cutoff 
wavelengths  of  10.0  pm,  grown  in  situ  by  MOCVD- 
IMP  onto  GaAs  substrates.  This  value  is  shown  by  the 
triangle  data  point  in  Fig.  9  and  is  comparable  to  our 
best  RqA  data.  Irvine  et  al.^  reported  data  for  arsenic 
implanted  p-on-n  HgCdTe  junctions  formed  in  in¬ 
dium-doped  n-type  heterostructures  grown  by 
MOCVD-IMP  onto  GaAs  substrates.  Their  data  are 
quoted  for  a  temperature  of  77K  and  approach  the  n- 
side  diffusion  current  theory  for  a  donor  doping  of 
3  X  10^^  cm“^.  We  have  scaled  their  best  data  points 
from  77  to  80K,  with  the  assumption  that  the  best  R^A 
data  were  limited  by  only  n-side  diffusion  current  that 
varies  as  exp(E^./kT),  where  E^  =  1.24/?1(.q.  This  scal¬ 
ing  amounts  to  about  a  factor  of  two  reduction  in  their 
quoted  R^^A  values  for  77K.  The  best  R^A  data  from 
Fig.  8  of  Ref.  1  scaled  in  this  way  are  plotted  in  Fig.  9. 
It  is  significant  that  all  three  sets  of  data  are  compa¬ 
rable  at  the  long  wavelength  region  around  11  pm. 

DISCUSSION 

An  important  feature  which  emerges  from  the  char¬ 
acteristics  of  the  in  situ  grown  MOCVD  p-on-n  junc¬ 
tions  is  that  the  reverse-bias  I-V  curves,  as  well  as  the 
RqA  products,  are  dominated  by  defect-generated 
current  mechanisms.  These  include  not  only  conven¬ 
tional  g-r  current,  but  also  tunneling-like  reverse 
currents  that  increase  rapidly  with  reverse  bias  volt¬ 
age. 

It  is  possible  that  intentional  donor  doping  will 
improve  junction  quality,  since  the  donor  concen¬ 
tration  can  then  be  precisely  controlled  in  the  desired 
(1-2)  X  10^^  cm-3  range.  The  good  quality  of  the 
implanted  n-on-p  junction  reported  here  attests  to  the 
high  quality  of  the  undoped  p-type  MOCVD-IMP  film. 
And  the  near-diffusion  limited  quality  of  the  arsenic 
implanted/activated/diffused  planar  devices  formed 
in  indium-doped  MOCVD-IMP  grown  LWIR 
heterostructures  reported  by  Irvine  et  al.^  is  also 
encouraging.  Both  these  observations  taken  together 
suggest  that  some  fraction  of  the  defects  in  our  in  situ 
grown  MOCVD  junctions  may  reside  within  the  ar¬ 
senic  doped  region  itself,  and  that  the  present  in  situ 
arsenic  doping  with  TBAs  is  not  optimal. 

Etch  pit  density  (EPD)  measurements  with  an 


etchant  described  by  Hahnert  and  Schenk^^  indicate 
values  in  the  range  5  x  10^-1  x  lO"^  cm-^.  In  general, 
higher  EPD  values  were  obtained  for  HgCdTe  films 
grown  on  CdTe  than  on  CdZnTe.  Only  limited  corre¬ 
lation,  however,  has  been  observed  between  the  EPD 
values  and  photodiode  quality.  Clearly  additional 
studies  are  required  to  catalog  and  determine  the 
nature  of  the  dominant  defects  in  MOCVD  grown 
junctions  that  are  responsible  for  limiting  the  R^A 
products  and  the  reverse  bias  I-V  curves,  and  meth¬ 
ods  need  to  be  developed  for  their  reduction. 

CONCLUSIONS 

MOCVD  in  situ  growth  of  p-on-n  HgCdTe  junction 
photodiodes  and  of  p-n-N-P-P+  multilayer  films  has 
been  demonstrated  with  the  IMP  technique.  The 
electrical  properties  and  carrier  lifetimes  of  the  back¬ 
ground-doped  n-type  layers  were  shown  to  be  close  to 
those  obtained  in  indium-doped  LPE  HgCdTe.  Con¬ 
trolled  in  situ  arsenic  doping  was  achieved  over  the 
range  of  (0.2-20)  x  10^®  cm“^.  The  arsenic  profiles 
could  be  controlled  such  that  different  doping  levels 
with  sharp  transitions  were  obtained  during  a  single 
growth  run.  The  control  of  alloy  composition  and 
arsenic  doping  was  demonstrated  by  the  growth  of 
multilayer  p-n-N-P-P+  films.  Graded  composition  re¬ 
gions  in  the  heterostructures  are  1.5  pm  wide.  Me¬ 
dium  wavelength  IR  n-on-p  photodiodes  formed  by 
boron  implantation  into  Hg- vacancy  p-type  MOCVD 
films  have  characteristics  at  IlOK  comparable  to 
those  of  implanted  junctions  in  LPE  HgCdTe  films. 
The  LWIR  in  situ  grown  p-on-n  junctions  exhibit 
classical  spectral  responses  and  high  quantum  effi¬ 
ciencies,  but  the  reverse-bias  I-V  curves  and  the  R^A 
products  at  80K  are  typically  limited  at  present  by 
defect-generated  current  mechanisms.  Nevertheless, 
these  data  demonstrate  the  exciting  potential  that 
MOCVD-IMP  holds  for  in  situ  growth  of  advanced 
HgCdTe  multilayer  devices. 
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Independently  Accessed  Back-to-Back  HgCdTe 
Photodiodes:  A  New  Dual-Band  Infrared  Detector 
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We  report  the  first  data  for  a  new  two-color  HgCdTe  infrared  detector  for  use  in 
large  dual-hand  infrared  focal  plane  arrays  (IRFPAs).  Referred  to  as  the  indepen¬ 
dently  accessed  back-to-back  photodiode  structure,  this  novel  dual-band  HgCdTe 
detector  provides  independent  electrical  access  to  each  of  two  spatially  collocated 
back-to-back  HgCdTe  photodiodes  so  that  true  simultaneous  and  independent 
detection  of  medium  wavelength  (MW,  3—5  pm)  and  long  wavelength  (LW,  8—12 
pm)  infrared  radiation  can  be  accomplished.  This  new  dual-band  detector  is 
directly  compatible  with  standard  backside-illuminated  bump-interconnected 
hybrid  HgCdTe  IRFPA  technology.  It  is  capable  of  high  fill  factor,  and  allows  high 
quantum  efficiency  and  BLIP  sensitivity  to  be  realized  in  both  the  MW  and  LW 
photodiodes.  We  report  data  that  demonstrate  experimentally  the  key  features 
of  this  new  dual-band  detector.  These  arrays  have  a  unit  cell  size  of 100  x  100  pm^, 
and  were  fabricated  from  a  four-layer  p-n-N-P  HgCdTe  film  grown  in  situ  by 
metalorganic  chemical  vapor  deposition  on  a  CdZnTe  substrate.  At  80K,  the  MW 
detector  cutoff  wavelength  is  4.5  pm  and  the  LW  detector  cutoff  wavelength  is  8.0 
pm.  Spectral  crosstalk  is  less  than  3%.  Data  confirm  that  the  MW  and  LW 
photodiodes  are  electrically  and  radiometrically  independent. 

Key  words:  Dual-band  detectors,  focal  plane  arrays,  HgCdTe,  infrared 

detectors,  metalorganic  chemical  vapor  deposition  (MOCVD) 


INTRODUCTION 

There  has  always  been  a  keen  interest  in  two-color 
infrared  detectors  for  many  applications.  For  semi¬ 
conductor  quantum  detectors,  one  of  the  most  attrac¬ 
tive  two-color  configurations  is  the  stacked  arrange¬ 
ment  in  which  the  shorter  wavelength  detector  is 
placed  optically  ahead  of  the  longer  wavelength  detec¬ 
tor.  The  first  detector  absorbs  only  the  shorter  wave¬ 
length  radiation  and  transmits  the  longer  wavelength 
radiation  to  the  second  detector.  This  arrangement 
guarantees  precise  and  fixed  optical  registration  of 
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the  two  detectors.  The  first  HgCdTe  two-color  detec¬ 
tors  of  this  type  were  photoconductors,  with  one 
detector  epoxied  directly  on  top  of  a  second  detector.^ 
The  trend  today  in  infrared  detection  is  toward 
large  two-dimensional  mosaic  arrays  of  HgCdTe  pho¬ 
todiodes  that  are  electronically  multiplexed.^  These 
are  generally  referred  to  as  infrared  focal  plane  ar¬ 
rays  (IRFPAs).  The  most  common  architecture  for 
HgCdTe  IRFPAs  is  the  hybrid  arrangement  illus¬ 
trated  in  Fig.  1,  consisting  of  a  backside-illuminated 
HgCdTe  photodiode  array  that  is  interconnected  to  a 
silicon  array  of  input  circuits  and  multiplexers  by  a 
matrix  of  metal  bumps,  with  one  bump  per  unit  cell 
connecting  an  individual  photodiode  to  its  input  cir- 
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CMOS  SILICON 
MULTIPLEXER  CHIP 
WITH  N  X  N  UNIT  CELLS 


Fig.  1 .  Two-dimensional  hybrid  IRFPAs  consisting  of  a  backside-illuminated  array  of  HgCdTe  photodiodes  interconnected  by  metal  bumps  to  a 
silicon  multiplexer  chip. 


cuit  and  preamplifier.  The  unit  cell  size  is  typically 
50  X  50  to  100  x  100  pm^.  The  unit  cell  area  in  the 
silicon  chip  beneath  each  detector  typically  contains 
a  low-noise  preamplifier,  a  bias  circuit  for  the  pho¬ 
todiode,  and  an  integrating  capacitor.  The  HgCdTe 
photodiode  array  is  usually  grown  epitaxially  onto  an 
infrared-transparent  substrate  such  as  CdTe,  CdZnTe, 
sapphire,  GaAs,  or  silicon.  The  highest  performance 
HgCdTe  photodiodes  today  are  in  the  P-on-n  hetero¬ 
junction  configuration  and  are  grown  by  two-layer 
liquid  phase  epitaxy  onto  CdTe  or  CdZnTe.^-^  (In  this 
paper,  we  use  the  convention  that  an  upper  case  P  or 
N  denotes  the  layer  of  wider  energy  band  gap.) 

There  is  great  interest  in  extending  the  capability 
of  such  IRFPAs  to  detect  two  separate  spectral  bands 
such  as  the  MW  3-5  pm  and  LW  8-12  pm  bands  for  a 
variety  of  applications.  Of  course  this  can  be  done 
with  single-color  IRFPAs  using  beam  splitters  or 
filter  wheels,  but  this  adds  considerable  complexity 
which  may  be  prohibitive  for  nonlaboratory  applica¬ 
tions  where  size  and  weight  are  at  a  premium.  Hence, 
there  is  a  need  for  a  HgCdTe  detector  that  can  provide 
separate  responses  to  different  wavelengths  and  at 
the  same  time  be  incorporated  into  the  staring  IRFPA 
architecture  shown  in  Fig.  1. 

One  such  two-color  HgCdTe  detector  that  has  been 
recently  reported  is  the  bias-selectable  back-to-back 
photodiode.®’'^  This  device  is  formed  by  sequentially 
growing  two  HgCdTe  photovoltaic  detectors  epitaxi¬ 
ally  to  form  an  n-P-N  structure.  These  n-P-N  devices 
were  grown  by  a  combination  of  sequential  liquid 
phase  epitaxy  (LPE)  and  molecular  beam  epitaxy 
(MBE)®  and  by  in  situ  MBE."^  While  the  bias-selectable 
two-color  detector  affords  perfect  spatial  collocation 
of  the  two  detectors,  it  has  the  inherent  drawback  of 
not  allowing  temporal  simultaneity  of  detection.  Ei¬ 


ther  one  or  the  other  photodiode  is  functioning,  de¬ 
pending  on  the  bias  polarity  applied  across  the  back- 
to-back  pair.  Other  problems  with  the  bias-selectable 
device  are  that  it  does  not  allow  independent  selection 
of  the  optimum  bias  voltage  for  each  photodiode,  and 
that  there  can  be  substantial  medium  wavelength 
(MW)  crosstalk  in  the  long  wavelength  (LW)  detector 
due  to  injection  from  the  floating  forward-biased  MW 
photodiode  into  the  LW  photodiode.  Kosai®  has  re¬ 
ported  that  this  crosstalk  can  be  prevented  by  adjust¬ 
ing  the  energy  band  profile  of  the  middle  p-type  layer, 
but  this  may  add  considerable  complexity  to  the  LPE 
growth  of  this  device. 

We  have  developed  and  demonstrated  a  new  two- 
color  HgCdTe  infrared  detector  that  is  applicable  to 
large  MW/LW  dual-band  IRFPAs  and  which  over¬ 
comes  the  problems  of  the  bias-selectable  device.  This 
new  two-color  HgCdTe  detector  provides  indepen¬ 
dent  electrical  access  to  each  of  two  spatially  collo¬ 
cated  back-to-back  photodiodes  so  that  true  simulta¬ 
neous  and  independent  detection  and  integration  of 
MW  and  LW  photocurrents  is  accomplished.  Simulta¬ 
neous  detection  of  both  wavelength  bands  is  impor¬ 
tant  for  many  dual-band  IRFPA  applications,  such  as 
the  case  of  tracking  rapidly  moving  objects,  and  pro¬ 
vides  a  factor-of-two  in  efficiency  for  a  staring  IRFPA. 
The  independent  electrical  access  also  allows  bias 
voltages  for  the  LW  and  MW  photodiodes  to  be  se¬ 
lected  independently  to  optimize  the  performances  of 
the  individual  MW  and  LW  detectors  and  their  read¬ 
out  circuits.  Furthermore,  independent  electrical  ac¬ 
cess  eliminates  the  spectral  crosstalk  problem  be¬ 
cause  neither  junction  is  electrically  floating. 

The  following  section  describes  the  operation  and 
key  features  of  this  new  dual-band  detector.  The 
section  on  experimental  techniques  briefly  describes 
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the  p-n-N-P  metalorganic  chemical  vapor  deposition 
(MOCVD)  HgCdTe  film  growth  and  describes  the 
fabrication  of  the  dual-band  detectors.  The  section  on 
dual-band  detector  characterization  data  presents 
electrical  and  radiometric  data  on  three  arrays  of  p-n- 
N-P  dualband  detectors. 

DEVICE  CONCEPT 

The  independently  accessed  back-to-back  pho¬ 
todiode  dual-band  detector  is  shown  in  cross  section 
in  Fig.  2.  It  is  a  p-n-N-P  structure  formed  by  four 
HgCdTe  layers  grown  sequentially  onto  a  CdZnTe 
substrate.  It  operates  in  the  backside-illuminated 
mode  with  infrared  radiation  incident  on  the  sub¬ 
strate  surface.  Figure  2  shows  a  single  unit  cell  that 
can  be  replicated  in  two  dimensions  to  form  a  back- 
side-illuminated  hybrid  dual-band  IRFPA. 

Atwo-layer  N-on-P  MWhomojunction  is  first  grown 
in  situ  onto  a  CdZnTe  substrate,  followed  by  the  in 
situ  growth  of  a  p-on-n  two-layer  LW  homojunction. 
An  isotype  n-N  heterojimction  forms  at  the  interface 
between  the  LW  and  MW  n-type  layers,  which  forms 
an  ohmic  connection  so  that  the  LW  and  MW  photo¬ 
diodes  are  in  a  back-to-back  configuration.  This  isotype 
heterojunction  performs  another  critical  role  in  that 
it  prevents  LW  photogenerated  minority  carriers 
(holes)  from  diffusing  to  and  being  collected  by  the 
MW  junction,  as  is  illustrated  in  the  band  diagram  of 
Fig.  3. 

This  dual-band  detector  uses  two  bumps  per  unit 
cell  for  electrical,  mechanical,  and  thermal  inter¬ 


photodiode.  The  other  bump  contacts  the  n-type  re¬ 
gion  of  the  LW  photodiode,  and  therefore  also  the  n- 
t3i)e  region  of  the  MW  photodiode,  through  an  over- 
the-edge  metalization.  The  p-type  regions  of  all  the 
MW  photodiodes  in  the  dual-band  array  are  electri¬ 
cally  connected  and  are  accessed  at  the  edge  of  the 
array  through  a  common  array  ground  contact.  The 
LW  photodiode  is  accessed  directly  through  the  two 
bumps,  while  the  MW  photodiode  is  accessed  through 
the  contact  to  the  n-type  region  and  the  array  ground. 
All  bumps  are  identical  and  are  on  the  same  plane, 
which  is  necessary  for  high  interconnect  yield  in  large 
hybrid  IRFPAs. 

The  MW  and  LW  photocurrents  obtained  from  this 
new  dual-band  detector  are  completely  independent. 
Figure  2  shows  two  current-mode  preamplifiers  con¬ 
nected  to  the  MW  and  LW  photodiodes  in  such  a  way 
as  to  provide  independent  MW  and  LW  output  sig¬ 
nals.  The  separate  flows  of  the  LW  and  MW  photocur¬ 
rents  guarantee  that  the  MW  and  LW  output  signals 
are  independent. 

The  MW  and  LW  junctions  in  this  device  are  within 
diffusion  lengths  of  each  other.  While  the  n-N  isotype 
heterojunction  barrier  prevents  injection  of  minority 
carriers  from  the  LW  junction  to  the  MW  junction, 
such  injection  from  the  MW  to  the  LW  is  possible.  This 
could  lead  to  spectral  crosstalk  in  the  LW  response 
spectrum,  as  in  the  case  of  the  simple  bias-selectable 
device.  However,  the  independent  electrical  access 
prevents  this  from  happening  by  fixing  the  bias  volt¬ 
age  of  each  jimction,  so  that  neither  is  electrically 


connection  to  the  silicon  readout  electronics  chip.  One  floating. 

bump  contacts  only  the  p-type  region  of  the  LW  The  use  of  a  grown  p-on-n  junction  for  the  LW 
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Fig.  3.  Energy  band  diagram  of  the  independently  accessed  back-to-back  HgCdTe  photodiode  dual-band  detector,  along  a  line  passing  through 
the  LW  p-on-n  junction. 


Fig.  4.  Alternative  approach  for  forming  the  LW  photodiode  in  the  new 
dual-band  detector. 


photodiode  in  this  new  duahband  detector  is  simple 
and  takes  advantage  of  the  capabilities  of  in  situ 
multilayer  HgCdTe  growth  by  vapor  phase  epitaxy. 
The  mesa  photodiode  that  lies  beneath  the  n-side 
contact  bump  is  shorted  by  the  over-the-edge  contact 
metal,  and  hence  the  photocurrent  due  to  excess 
carriers  collected  by  this  junction  is  shorted.  This 
results  in  a  small  dead  area  in  the  LW  detector.  The 
size  of  the  dead  area  will  depend  on  the  dimensions  of 
the  unit  cell,  of  the  LW  mesa,  and  of  the  contacts,  but 
it  should  be  able  to  be  kept  below  25%  of  the  total  area. 
We  elected  to  use  the  grown  p-on-n  junction  and  the 
mesa  geometry  for  the  first  demonstration  of  this  new 
detector. 

An  alternative  approach  for  forming  the  LW  photo¬ 
diode  in  this  new  dual-band  detector  is  the  planar  ion 


implanted  configuration  shown  in  Fig.  4.  This  ap¬ 
proach  retains  the  key  feature  of  having  both  bumps 
on  the  same  level,  with  the  added  benefit  that  LW 
photocarriers  generated  beneath  the  n-side  contact 
will  laterally  diffuse  to  the  planar  p-on-n  junction  and 
contribute  to  the  photocurrent.  This  approach  re¬ 
quires  one  less  layer  to  be  grown,  but  adds  an  arsenic 
implant  step  and  an  activation  anneal  step.  A  fourth 
layer  of  wider  gap  can  be  added  during  growth  to 
assist  in  control  of  surface  leakage  current  in  the  LW 
planar  junction. 

A  noteworthy  feature  of  this  new  dual-band  de¬ 
tector  is  that  the  common  contact  for  all  detectors  in 
an  array  is  the  MW  p-type  region,  whereas  the  com¬ 
mon  contact  between  the  MW  and  LW  photodiodes  in 
each  dual-band  detector  is  the  contact  to  the  n-type 
layers.  This  distinction  is  illustrated  in  the  diagrams 
in  Fig.  2.  This  difference  between  the  array  common 
contact  and  the  common  contact  between  MW  and  LW 
photodiodes  presents  certain  interesting,  although  by 
no  means  unsurmountable,  challenges  for  the  input 
circuits  that  must  connect  to  the  dual-band  detectors 
in  a  dual-band  hybrid  IRFPA,  and  which  must  main¬ 
tain  the  simultaneity  and  independence  of  the  MW 
and  LW  photocurrents  during  integration  and  multi¬ 
plexing.  Such  a  dual-band  input  circuit  has  been 
devised  and  recently  demonstrated  at  Loral  Infrared 
&  Imaging  Systems  and  will  be  the  subject  of  a  future 
paper.^ 

EXPERIMENTAL 

MOCVD  HgCdTe  Multilayer  Film  Growth 

As  part  of  the  development  of  this  new  device, 
multilayer  HgCdTe  films  were  grown  in  situ  by 
MOCVD  onto  CdTe  or  CdZnTe  substrates  by  two 
different  methods:  the  interdiffused  multilayer  pro¬ 
cess^®  (IMP)  at  Loral  Vought  Systems  Corporation 
(LVSC)  in  Dallas,  TX,  and  the  direct  alloy  growth^^ 
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(DAG)  method  at  Rensselaer  Pol3diechnic  Institute 
(RPI)  in  Troy,  New  York.  Three  types  of  multilayer 
films  were  grown:  p-n-N-P  structures  for  dual-band 
detectors,  along  with  p-on-n  and  P-on-n  LW  single 
homojunctions  and  heterojunctions,  and  n-on-p  MW 
single  homojunctions.  The  single  junction  films  were 
grown  as  companions  to  the  p-n-N-P  films  for  growth 
calibration  purposes  as  well  as  to  assess  the  quality  of 
the  individual  junctions  that  make  up  the  p-n-N-P 
dual-band  detector.  In  both  the  IMP  and  DAG  MOC  VD 
films,  p-type  doping  was  achieved  by  introducing 
arsenic  at  levels  of  5  x  10^^  to  2  x  10^^  cm-^  from  a 
tertiarybutyl-arsine  (TBAs)  source,  while  n-type  dop¬ 
ing  was  due  to  unintentional  background  donors  at 
levels  of  0.5-1. 5  x  10^^  cm-^  Other  details  of  the 
MOCVD  growth  methods  and  data  on  the  grown  p-on- 
n  and  n-on-p  single  junctions  are  contained  in  Refs.  10 
and  11. 

Secondary  ion  mass  spectroscopy  (SIMS)  data  for  a 
four-layer  p-n-N-P  dual-band  MOCVD  HgCdTe  film 
grown  in  situ  by  the  IMP  method  onto  a  CdZnTe(2 1 1)B 
substrate  are  shown  in  Fig.  5.  The  arsenic  profiles  are 
well  defined  and  have  abrupt  fall-offs.  The  Hg^  ^Cd^Te 
alloy  composition  profiles,  determined  from  the  ^^^Te 
secondary  ion  signal  intensity, ^re  uniform  within 
the  MW  and  LW  layers,  which  are  separated  by  a 
compositionally  graded  interdiffused  region  about  1 
pm  thick.  It  turns  out  that  a  compositionally  graded 
region  of  this  thickness  is  actually  desirable  to  avoid 
the  formation  of  a  depletion  region  at  the  n-N  isotype 
heterojunction  interface. 

Device  Fabrication 

The  three  arrays  for  which  data  are  presented  in 
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Fig.  5.  Secondary  ion  mass  spectroscopy  profiles  of  Hg^.^^Cd^Te  alloy 
composition  x  and  arsenic  concentration  for  four-layer  p-n-N-P  dual¬ 
band  film  M191N  grown  by  IMP  MOCVD  onto  a  CdZnTe{211)B 
substrate  at  Loral  Vought  Systems  Corporation.  This  film  was  used  to 
fabricate  the  dual-band  detectors  for  which  data  are  presented  in  this 
paper. 


Fig.  6.  Cross  section  and  top  view  of  the  independently  accessed  back-to-back  HgCdTe  photodiode  dual-band  detector. 
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Fig.  7.  Scanning  electron  microscope  photos  of  100  x  100  dual¬ 
band  detectors,  defined  by  wet  chemical  etching  in  a  four-layer  p-n-N- 
P  dual-band  film  grown  by  IMP  MOCVD  onto  a  CdZnTe(211)B 
substrate  at  Loral  Vought  Systems  Corporation.  This  film  had  charac¬ 
teristics  nearly  identical  to  those  of  Film  Ml  91 N  of  Fig.  4. 


2  4  6  8  10 


Wavelength  (pm) 

Fig.  8.  Low  spectral  crosstalk  (less  than  3%)  demonstrated  by  relative 
spectral  response  data  at  80K  for  the  MW  and  LW  photodiodes  in  a 
dual-band  detector  fabricated  from  p-n-N-P  Film  M191N. 


this  paper  were  all  fabricated  from  p-n-N-P  MOCVD 
HgCdTe  Film  M191N,  for  which  SIMS  data  were 
given  in  Fig.  5.  The  arrays  were  processed  with 
conventional  photolithographic  and  wet  etching  tech¬ 
niques,  and  no  anti-reflection  coating  was  used.  The 
arrays  were  hybridized  through  bump  interconnects 
to  sapphire  fanout  boards  and  mounted  into  120  pin 
grid  array  flat  packs.  They  were  tested  in  the  back¬ 
side-illuminated  configuration.  The  dual-band  detec¬ 
tor  arrays  reported  here  had  unit  cell  dimensions  of 
100  xlOO  pm^  and  were  in  an  8  x  8  format,  but  only  two 
adjacent  rows  of  eight  elements  from  each  array  were 
electrically  connected  through  the  fanout  board. 

A  top  view  of  the  dual-band  detector  geometry  used 
for  these  first  arrays  is  shown  in  Fig.  6.  This  can  be 
compared  with  the  scanning  electron  microscopy 
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(SEM)  photo  of  an  actual  array  shown  in  Fig.  7.  The 
unit  cell  area  is  100  x  100  pm^.  The  ^‘L-shaped”  LW 
mesa  photodiode  is  clearly  evident,  as  is  the  common 
n-side  contact  with  its  over-the-edge  metallization. 
Wet  chemical  etching  was  used  to  define  the  ‘‘L- 
shaped”  LW  mesa  photodiode,  as  well  as  to  define  the 
larger  mesa  that  delineates  the  MW  photodiode.  The 
etch  depth  for  the  LW  photodiode  mesa  is  about  2-3 
pm,  while  the  etch  depth  for  the  MW  mesa  is  about 
17-19  pm.  The  width  of  the  etched  region  forming  the 
MW  mesa  is  about  25  pm,  which  corresponds  to  a  fill 
factor  of  60%  relative  to  the  100  x  100  pm^  unit  cell 
area.  This  wide  spacing  between  MW  mesas  is  due  to 
the  isotropic  behavior  of  wet  etching.  We  will  use  dry 
etching  for  these  devices  in  the  near  future,  which  will 
result  in  significantly  larger  fill  factors  and  will  allow 
smaller  unit  cell  areas. 

DUAL-BAND  DETECTOR 
CHARACTERIZATION  DATA 

In  this  section,  we  present  characterization  data  for 
independently  accessed  back-to-back  photodiode  dual¬ 
band  test  arrays.  These  data  constitute  the  first 
reported  demonstration  of  this  new  dual-band  detec¬ 
tor. 

Relative  quantum  efficiency  data  vs  wavelength  for 
the  MW  and  LW  photodiodes  in  a  p-n-N-P  dual-band 
detector  (Element  17  of  Array  DBOll-Al)  at  80K  are 
shown  in  Fig.  8.  The  cutoff  of  the  MW  detector  and  the 
cuton  of  the  LW  detector  occur  at  the  same  wave¬ 
length,  indicating  that  the  MW  detector  acts  as  a 
bandpass  filter  for  the  LW  detector.  The  LW  response 
spectrum  is  otherwise  classical  in  shape,  being  inde¬ 
pendent  of  wavelength,  with  a  cutoff  wavelength  of 
ko  pm.  The  MW  response  spectrum,  however,  has  a 
distinct  fall-off  at  shorter  wavelengths,  which  we 
believe  is  due  to  recombination  at  the  film-substrate 
interface  or  to  a  short  diffusion  length  in  the  p-type 
MW  layer.  This  is  consistent  with  the  low  quantum 
efficiency  of  14%  for  the  MW  photodiodes  (see  Fig.  12). 
We  are  addressing  this  issue  by  lowering  the  acceptor 
doping  in  this  layer  to  the  mid- 10^^  cm“^  range  to 
increase  the  diffusion  length,  and  we  are  including  in 
the  MOCVD  growth  sequence  a  wide-gap  p-type 
Hgj_^Cd^Te  (x  ^=0.4)  buffer  layer  between  the  CdZnTe 
substrate  and  the  p-type  MW  layer  to  isolate  the  MW 
p-type  absorber  layer  from  the  film-substrate  inter¬ 
face  region. 

Low  spectral  crosstalk,  less  than  1-3%,  is  indeed 
well  demonstrated  by  the  spectral  response  data  in 
Fig,  8.  It  should  be  noted  that  the  MW  response  is  only 
1-3  percent  at  wavelengths  beyond  5  pm,  but  this  is 
an  artifact  of  the  spectral  measurement  apparatus 
and  conditions.  The  response  of  the  LW  detector  is 
also  about  1-3  %  at  wavelengths  less  than  4  pm.  This 
we  believe  is  due  to  MW  radiation  that  is  transmitted 
through  the  thin  MW  p-type  layer  at  the  bottom  of  the 
deeply  etched  regions  delineating  the  MW  mesa  and 
that  subsequently  scatters  into  the  LW  detector.  This 
effect  will  be  eliminated  by  the  narrower  etched 
regions  and  the  better  etch  depth  control  that  dry 
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etching  will  provide. 

The  80K  cutoff  wavelengths  for  the  MW  and  LW 
photodiodes  in  three  dual-band  detector  arrays  tested 
were  quite  uniform,  both  within  an  array  and  from 
array  to  array  on  the  film,  as  shown  in  Table  1.  The 
variations  in  MW  and  LW  cutoff  wavelengths  over  the 
three  arrays  were  0.05  and  0.26  pm,  respectively, 
which  demonstrates  the  uniformity  of  alloy  composi¬ 
tion  and  film  thickness  achievable  with  IMP  MOCVD 
growth  of  HgCdTe. 

Current-voltage  (I-V)  curves  for  the  MW  and  LW 
photodiodes  in  a  p-n-N-P  dual-band  detector  (Ele¬ 
ment  22  of  Array  DBOl  1-Al)  at  80K  are  shown  in  Fig. 
9.  The  diode  polarities  are  as  expected  for  the  p-n-N- 
P  configuration.  There  is  significant  leakage  current 
at  reverse  bias  voltage,  and  it  is  clear  that  this  same 
leakage  current  mechanism  also  limits  the  R^A  prod¬ 
ucts  of  both  photodiodes.  We  attribute  this  leakage 
mechanism  to  defects  in  the  MOCVD  films.  The  R^A 
values  in  Fig.  9  were  calculated  for  the  physical  MW 
mesa  area  of  77  x  77  pm^.  In  addition,  the  I-V  curves 
of  each  photodiode  in  a  p-n-N-P  dual-band  detector 
were  determined  experimentally  to  be  independent  of 


the  bias  voltage  on  the  other  photodiode.  The  I-V 
curves  shown  in  Fig.  9  for  the  MW  and  LW  photo¬ 
diodes  each  remained  unchanged  when  measured 
with  the  other  detector  at  bias  voltages  of -100  and  - 
40  mV  reverse  bias,  zero  bias,  and  20  mV  forward 
bias. 

Spot  scan  data  for  the  MW  and  LW  photodiodes  in 
a  p-n-N-P  dual-band  detector  (Element  31  in  Array 
DBOll-Cl)  at  80K  are  shown  in  Fig.  10.  The  re¬ 
sponses  of  both  photodiodes  were  measured  in  the 
same  scan,  A  focused  lOOOK  blackbody  provided  at 
spot  size  of  about  50  pm.  The  spot  profile  was  not 


Table  I.  Cutoff  Wavelengths  at  80K  for  the  MW  and 
LW  Photodiodes  in  the  Three  p-n-N-P  HgCdTe 
Dual-Band  Arrays  from  IMP  MOCVD  Film  M191N 

Dual 

Cutoff  Wavelength  at  80K  (pm) 

Band  Array 

MW 

LW 

A-1 

4.68 

7.97-7.98 

A-2 

4.68 

8.10-8.15 

C-1 

4.63-4.68 

7.82-8.08 

Fig.  9.  Current-voltage  curves  and  associated  data  for  the  MW  and  LW  photodiodes  in  a  p-n-N-P  HgCdTe  dual-band  detector  at  80K. 
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deconvolved  from  the  data  of  Fig.  10.  Both  the  MW 
and  LW  photodiodes  are  well  defined  and  collocated. 
The  50%  widths  obtained  from  these  scans  are  79  pm 
for  the  LW  photodiode  and  81  pm  for  the  MW  photo¬ 
diode,  which  are  quite  close  to  the  actual  mesa  dimen¬ 
sion  of  77  pm. 


-ISO  -100  -so  0  so  100  ISO 


PoolHon  (pm) 

Fig.  1 0.  Spot  scan  data  for  the  MW  and  LW  photodiodes  in  a  p-n-N-P 
dual-band  detector  at  80K.  Both  the  MW  and  LW  signals  were 
measured  during  the  same  scan. 


Data  were  taken  to  confirm  that  the  MW  and  LW 
photodiodes  were  electrically  and  radiometrically  in¬ 
dependent.  The  relative  quantum  efficiency  vs  wave¬ 
length  curves  in  Fig.  11  for  the  MW  and  LW  photo¬ 
diodes  of  a  dual-band  detector  at  80K  (Element  17  of 
Array  DBOll-Al)  are  actually  superpositions  of  six 
separate  curves  measured  for  six  combinations  of  bias 
voltage  on  the  two  photodiodes.  The  MW  photoresponse 
spectrum  was  measured  for  the  MW  photodiode  at 
zero  bias  and  at  -40  mV  reverse  bias,  with  the  LW 
photodiode  bias  set  at  -40  mV  reverse  bias,  zero  bias, 
and  20  mV  forward  bias.  Similarly,  the  LW  photore¬ 
sponse  spectrum  was  measured  for  the  corresponding 
opposite  set  of  bias  voltage  combinations.  As  can  be 
seen  in  Fig.  11,  the  shapes  of  the  response  spectra  for 
both  the  MW  and  LW  photodiodes  are  independent  of 
the  bias  voltage  on  either  photodiode.  The  absolute 
magnitudes  of  the  photoresponses  of  the  MW  and  LW 
photodiodes  are  also  independent  of  the  bias  voltage 
combinations.  This  is  shown  in  the  data  in  Fig.  11  for 
the  ratios  of  the  peak  photoresponse  with  various  bias 
voltage  combinations  to  the  peak  photoresponse  for 
zero  bias  on  both  photodiodes.  These  ratios  are  unity 
to  within  experimental  error,  except  for  a  1%  increase 
in  the  LW  photoresponse  when  the  LW  photodiode  is 
reverse  biased  to  —40  mV,  which  may  be  due  to  an 
increase  in  the  collection  volume  resulting  from  the 
wider  depletion  width.  All  these  data  confirm  that  the 
infrared  photoresponses  of  the  MW  and  LW  photo- 


Fig.  1 1 .  Spectral  response  data  for  the  MW  and  LW  photodiodes  in  a  p-n-N-P  dual-band  detector  at  80K.  Both  the  MW  and  LW  response  curves 
are  actually  overlays  of  six  different  curves  measured  for  six  combinations  of  bias  voltage  on  the  MW  and  LW  photodiodes. 
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diodes  in  a  p-n-N-P  dual-band  detector  are  indepen¬ 
dent  of  the  bias  voltage  on  either  photodiode. 

Summary  plots  of  the  R^A  product  and  quantum 
efficiency  data  at  80K  for  three  arrays  of  p-n-N-P 
dual-band  detectors  from  Film  M191N  are  shown  in 
Fig.  12.  Each  array  was  in  a  2  x  8  format  with  16 
possible  dual-band  detectors.  Figure  12  includes  only 
data  for  those  dual-band  detectors  in  which  both  the 
MW  and  LW  photodiodes  were  not  open  or  not  other¬ 
wise  defective.  The  R^A  and  quantum  efficiency  val¬ 
ues  were  calculated  with  the  MW  mesa  area  of  (77 
|Lim)2 .  There  was  no  anti-reflection  coating  on  these 
arrays,  so  the  maximum  possible  quantum  efficiency 
is  80%.  In  light  of  these  conditions,  and  given  that 
approximately  25%  of  the  LW  photogenerated  carri¬ 
ers  are  captured  by  the  shorted  p-n  junction  that  lies 
in  the  corner  of  the  unit  cell  beneath  the  common  n- 
side  contact,  the  LW  quantum  efficiencies  of  just  less 
than  40%  are  quite  respectable.  The  low  MW  quan¬ 
tum  efficiencies,  around  14%,  together  with  the  peaked 
behavior  of  the  MW  spectral  response  in  Fig.  8  and 
Fig.  11,  lead  to  our  conclusion  that  the  p-type  MW 
layer  has  too  short  a  diffusion  length,  or  that  there  is 
recombination  at  the  film-substrate  interface. 

The  MW  RqA  values  in  Fig.  12  are  uniform  from 
element-to-element  and  range  between  1  x  10^  and 
3  X  10^  ohm-cm^.  The  LW  R^A  values  are  less  uniform 
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Fig.  12.  RqA  and  quantum  efficiency  data  for  three  arrays  of  p-n-N-P 
dual-band  detectors  fabricated  from  LVSC  Film  M19IN.  R^A  and 
quantum  efficiency  were  calculated  with  the  MW  mesa  area  of  (77  ixm)^ . 


from  element-to-element  and  show  a  definite  varia¬ 
tion  from  array  to  array,  which  we  suspect  is  due  to  a 
long-range  variation  in  defect  density  over  the  film 
area. 

Figure  13  compares  the  R^A  data  for  the  best  LW  p- 
on-n  photodiodes  in  the  p-n-N-P  dual-band  detectors 
to  the  conventional  theoretical  limits^^  for  R^A  in  p-on- 
n  HgCdTe  photodiodes,  to  the  state-of-the-art  for  P- 
on-n  LPE  heterojunctions,  and  to  ‘‘best-element”  R^^ 
data  for  two-layer  p-on-n  HgCdTe  photodiodes  grown 
in  situ  by  MOCVD  by  both  the  IMP  and  DAG  tech¬ 
niques.  The  solid  line  in  Fig.  13  is  the  calculated  R^A 
due  to  diffusion  current  from  the  n-layer  only,  for  a 
thickness  of  15  pm  and  a  lifetime  determined  by  the 
Auger- 1  mechanism.  The  dashed  line  is  the  calcu¬ 
lated  RqA  product  due  to  depletion  layer  g-r  current, 
for  doping  levels  of  1  x  10^^  and  1  x  10^®  cm-^  on  the  n- 
side  and  p-side,  respectively,  and  for  a  depleted  sur¬ 
face  recombination  velocity  of  1  x  10^  cm/s.  The 
heavy  dashed  line  is  the  trend  line  for  P-on-n  LPE 
heterojunctions  from  Ref.  14.  The  solid  square  data 
points  in  Fig.  13  are  for  the  best  LW  photodiode 
elements  from  the  three  dual-band  arrays  (see  Fig. 
12). 

The  data  points  represented  by  the  open  symbols  in 
Fig.  13  are  “best-element”  R^A  at  80K  data  for  back- 
side-illuminated  variable-area  arrays  of  circular  mesa 
p-on-n  photodiodes,  fabricated  from  MOCVD  p-on-n 
films  grown  in  situ  recently  by  IMP  at  LVSC  and  by 
DAG  at  RPI.  These  R^A  data  are  taken  from  Refs.  10 
and  11  and  are  listed  in  Table  II,  along  with  other 
characteristics  of  each  film  and  array:  the  film  num¬ 
ber,  the  MOCVD  method  (IMP  or  DAG),  the  substrate 


5  6  7  8  9  10  11  12 


Cutoff  Wavelength  (pm) 

Fig.  13.  Comparison  of  RqA  data  at  80K  for  p-on-n  HgCdTe  photo¬ 
diodes  grown  insituby  MOCVD  with  P-on-n  LPE  heterojunction  trend. 
Open  squares  are  IMP  single  junction  data  from  Ref.  10,  open 
triangles  are  DAG  single  junction  data  from  Ref.  1 1 ,  and  solid  squares 
are  the  best  LW  junctions  in  the  three  p-n-N-P  dual-band  arrays  grown 
by  IMP.  The  LPE  trend  is  from  Ref.  14. 
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Table  II.  Data  at  80K  on  Variable-Area  p-on-n  HgCdTe  Photodiode  Arrays  Fabricated  from  p-on-n  Films 

Grown  In  Situ  by  IMP  and  DAG  MOCVD'^’^^ 


Film 

Method 

Substrate 

Array 

R,A 

(ohm-cm^) 

QE(ID) 

(%) 

^OPT 

(Rm) 

175 

IMP 

CdZnTe(100)4°^(110) 

A 

6.36 

3.4 

9.01  X  103 

67 

28 

B 

6.08 

1.0 

2.37  X  104 

72 

32 

C 

6.11 

2.1 

9.64  X  103 

71 

29 

D 

6.24 

2.8 

1.10  X  104 

70 

29 

181A 

IMP 

CdTe(100)2°->(110) 

A 

5.99 

1.9 

9.40  X  103 

77 

14 

181BC 

IMP 

CdZnTe(100)4°^(110) 

B 

5.10 

2.3 

3.80  X  104 

42 

18 

193 

IMP 

CdZnTe(211)Te 

C 

7.76 

0.3 

184 

63 

8 

197 

IMP 

CdZnTe(211)Te 

B 

7.74 

1.5 

336 

52 

9 

A1 

7.76 

1.1 

213 

59 

10 

209 

IMP 

CdZnTe(211)Te 

A1 

9.10 

1.9 

142 

55 

17 

A2 

8.68 

2.5 

374 

46 

24 

211 

IMP 

CdZnTe(211)Te 

A1 

11.03 

7.2 

15.0 

47 

10 

A2 

10.96 

1.5 

15.9 

49 

9 

257 

IMP 

CdZnTe(100)4°-^(110) 

A1 

8.94 

1.8 

33.6 

62 

13 

264 

IMP 

CdTe(211)Te 

A1 

7.03 

6.9 

619 

63 

5 

B2 

8.36 

0.5 

93.4 

68 

5 

535-1 

DAG 

CdTe(100)4°-^(lll)B 

B 

8.23 

5.7 

241 

41 

16 

535-2 

DAG 

CdTe(100)4°-^(lll)B 

B 

8.84 

1.6 

48 

51 

23 

material  and  orientation,  the  array  number,  the  aver¬ 
age  cutoff  wavelength  at  80K,  the  percent  varia¬ 
tion  of  over  the  array,  the  R^A  at  80K  of  the  best 
element  of  the  array,  the  one-dimensional  quantum 
efficiency  QE(ID),  and  the  optical  collection  length 
Lqp^p.  The  latter  two  quantities  were  extracted  from 
the  dependence  of  quantum  efficiency  on  junction 
area  in  the  variable-area  photodiode  arrays,  as  de¬ 
scribed  in  Ref.  14.  The  data  in  Table  II  show  that 
cutoff  wavelength  is  quite  uniform  across  these  ar¬ 
rays,  that  quantum  efficiencies  are  reasonably  high 
for  devices  with  no  anti-reflection  coating,  and  the 
Lopt  values  are  as  expected  for  the  n-type  base  layers. 
The  best  R^A  values,  however,  are  generally  low 
compared  to  the  LPE  state-of-the-art,  which  we  as¬ 
cribe  to  defects  in  the  MOCVD  films. 

Figure  13  shows  that  the  LW  photodiodes  in  the 
dual-band  detectors  have  R^A  values  comparable  to  or 
better  than  those  of  the  single  grown  junctions  listed 
in  Table  II.  Efforts  are  underway  to  isolate  and 
identify  the  defects  responsible  for  these  low  R^A 
products  in  grown  MOCVD  junctions,  and  we  expect 
that  these  efforts  will  lead  to  improved  quality  in 
MOCVD  grown  junctions. 

It  should  be  noted  that  the  triangle  data  points  in 
Fig.  13  are  for  p-on-n  homojunctions  from  two  DAG 
MOCVD  films  (535-1  and  535-2).  These  R^A  values 
are  significantly  higher  that  the  only  previously  re¬ 
ported  p-on-n  HgCdTe  junctions  grown  in  situ  by 
DAG  MOCVD  by  the  Raytheon  group, who  quoted 
an  RqA  value  of  50  ohm-cm^  at  77K  for  a  cutoff 
wavelength  of  8.1  qm. 

CONCLUSIONS 

We  have  demonstrated  for  the  first  time  a  new  dual¬ 
band  HgCdTe  detector  with  unique  benefits:  simulta¬ 
neous  and  independent  MW  and  LW  detection,  inde¬ 
pendent  biasing  of  the  MW  and  LW  photodiodes,  and 


compatibility  with  high-density  backside-illuminated 
hybrid  HgCdTe  IRFPA  technology.  We  have  imple¬ 
mented  this  new  device  with  four-layer  p-n-N-P 
MOCVD  films  qrown  in  situ  on  lattice-matched  sub¬ 
strates.  We  have  presented  data  on  p-n-N-P  dual¬ 
band  detectors  that  confirm  the  electrical  and  radio- 
metric  independence  of  the  MW  and  LW  photodiodes 
in  this  new  dual-band  detector  structure.  These  re¬ 
sults  demonstrate  the  utility  of  multilayer  vapor 
phase  epitaxial  growth  methods  for  HgCdTe,  and  we 
hope  these  results  will  stimulate  the  rapid  de¬ 
velopment  of  HgCdTe  vapor  phase  epitaxy. 
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Room  Temperature  Characterization  of  Hg^_^Cd^Te 
P-on-n  Heterostructure  Photodiodes 

M.  ZANDIAN,  J.G.  PASKO,  J.M.  ARIAS,  R.E.  DE  WAMES,  and  S.H.  SHIN 
Rockwell  International  Science  Center,  Thousand  Oaks,  CA  91360 

Measurements  of  77K  R^A  and  300K  reverse  bias  dynamic  impedance  (R^A) 
products  at  one  volt  reverse  bias  has  been  carried  out  to  assess  the  degree  of 
correlation  of  this  figure  of  merit.  Planar  P-on-n  heterostructures  were  grown  on 
near  lattice-matched  CdZnTe  substrates  with  Hg^„^Cd^Te  (0.20<  x  <0.30)  by 
molecular  beam  epitaxy.  These  devices  were  passivated  with  CdTe  and  doped 
with  indium  and  arsenic  as  n-  and  p-type  dopants,  respectively.  Current-voltage 
characteristic  of  these  devices  exhibit  thermally  generated  dark  currents  at 
small  and  modest  reverse  bias.  We  have  observed  that  R^A  values  of  these  long 
wavelength  infrared  P-on-n  heterostructure  photodiodes  at  77K  correlate  with 
room  temperature  R^jA  values.  Diode  arrays  with  high  room  temperature  R^jA 
values  at  one  volt  reverse  bias  also  have  high  R^A  values  at  77K.  Similarly,  low 
R^A  values  at  room  temperature  indicate  poor  performance  at  77K  where 
deviation  from  diffusion  current  occurs  at  reverse  bias  of  0.2  to  1  volt  at  room 
temperature.  The  results  presented  here,  for  a  small  samples  of  devices, 
demonstrate  that  room  temperature  measurements  of  current-voltage  charac¬ 
teristics  to  evaluate  Hgj_^Cd^Te  (0.22<  x  <0.28)  diode  performance  and  array 
uniformity  at  lower  temperatures  can  be  used.  This  provides  an  acceptable 
criteria  for  further  study  at  lower  temperatures. 

Key  words:  Current-voltage  characteristics,  HgCdTe,  infrared  detectors 


INTRODUCTION 

Hg^  ^Cd^Te  is  used  extensively  to  fabricate  mid-  and 
long-wavelength  infrared  (LWIR)  photodiodes  and 
focal  plane  arrays  (FPAs)  primarily  due  to  relative 
ease  to  grow  from  single  epitaxial  layers  to  complex 
heterostructures  across  the  wide  spectral  range  of  1  to 
14  pm  without  the  severe  lattice  matching  constraints 
usually  found  with  other  semiconductor  alloys.^  Dur¬ 
ing  the  past  several  years,  we  have  seen  significant 
advances  in  the  performance  of  long- wavelength  in¬ 
frared  p-on-n  HgCdTe  double  layer  photodiodes.  But, 
characterization  of  LWIR  Hg^  ^gCdQ  22^0  photovoltaic 
devices  and  FPAs  requires  testing  at  every  step  which 
is  expensive  and  time-consuming.  The  benefit  of  a 
pre-screening  before  incurring  costs  at  later  stages 
improves  yield  and  reduces  costs.  However,  pre-screen¬ 
ing  for  further  tests  at  low  temperature,  does  not 
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replace  low  temperature  testing. 

One  of  the  major  sources  of  dark  currents  in 
Hgj  ^Cd^Te  has  been  found  in  Ref.  11  as  surface 
generation  current  from  surface  states  where  surface 
and  interface  states  act  as  g-r  centers.  Therefore,  the 
R^A  product  limited  by  surface/interface  generation 
varies  with  temperature  as  nrT  To  observe  excess 
dark  currents  in  a  diffusion  limited  region  at  room 
temperature,  we  have  examined  the  dynamic  impe¬ 
dance  R^  at  sufficiently  high  reverse  bias  (0  to  1  volt) 
where  diffusion  and  g-r  type  currents  are  comparable. 
The  possibility  that  excess  dark  currents  observed  at 
room  temperature  in  reverse  bias  of  diodes  used  in  our 
study  dominate  the  current  voltage  (I-V)  char¬ 
acteristics  at  zero  bias  for  low  performance  devices 
when  the  sample  is  cooled  to  77K  is  reported  here. 
Measurements  to  assess  the  degree  of  correlation 
between  R^A  product  values  at  77K  and  room  tem¬ 
perature  R^A  product  values  at  one  volt  reverse  bias 
for  several  Hg^_^Cd^Te  arrays  has  been  carried  out. 
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Fig.  1.  Detail  l-V  characteristic  of  an  MBE  Hgo^jCd^^j^Te  planar 
photodiode  (No.  508)  at  300K.  Note  the  dynamic  impedance  of  the 
device  is  increasing  to  0.27  fi-cm=  at  (IV)  reverse  bias.  The  cutoff 
wavelength  for  this  device  is  1 0  pm  at  77K  and  has  an  area  9  x  1 0-®  cm^. 

We  have  observed  that  diode  arrays  with  high  room 
temperature  R^A  values  at  one  volt  reverse  bias  also 
have  high  R^A  values  at  77K.  Similarly,  low  R^A 
values  at  room  temperature  indicate  poor  perfor¬ 
mance  at  77K  where  deviation  from  diffusion  current 
occurs  at  reverse  bias  of  0.2  to  1  volt  at  room  tempera¬ 
ture. 

In  the  next  section,  we  discuss  our  experiments  and 
present  our  results  in  the  Results  and  Discussion 
section.  Concluding  remarks  are  also  presented. 


EXPERIMENT 


The  p-on-n  heterostructures  were  grown  in  a  RIBER 
2300  molecular  beam  epitaxy  (MBE)  system.  A  de¬ 
tailed  discussion  of  MBE  HgCdTe  growth  procedures 
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Fig.  2.  Relative  spectral  response  of  MBE  HgCdTe  planar  photodiode 
(No.  508)  at  300K.  The  cutoff  wavelength  of  the  device  at  room 
temperature  corresponds  to  absorbing  layer  with  x  =  0.227. 
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Fig.  3.  Detail  l-V  characteristic  of  an  MBE  Hgo773Cdo227Te  planar 
photodiode  (No.  534)  at  300K.  Note  the  dynamic  impedance  of  the 
device  is  decreasing  between  0.3  to  1  volt  reverse  bias.  The  cutoff 
wavelength  for  this  device  is  1 0.0  ^m  at  77K  with  R^A  value  of  0.22  n- 
cm2  and  has  an  area  9x10^  cm^. 

and  device  fabrication  used  here  can  be  found  in  Refs. 
5  and  6.  The  epilayers  were  grown  on  near  lattice- 
matched  CdoQgZnQQ^Te  substrates  to  minimize  the 
dislocation  density  in  HgCdTe  epilayer.  The  (211)B 
orientation  was  chosen  since  we  have  obtained  excel¬ 
lent  surface  morphology  and  high  performance  photo¬ 
diodes  on  epitaxial  layers  grown  on  this  orienta- 
tion.^’®’^'^  This  structure  consists  of  a  12  |Ltm  thick 
indium-doped  (2  x  10^^  cm“^)  Hgg  ^^gCd^  227Te  LWIR 
absorbing  layer  followed  by  the  growth  of  a  1  |im  thick 
undoped  Rgg^Cd^gTe  layer  and  a  final  lOOOA  thick 
CdTe  layer.  The  formation  of  planar  photodiodes  was 
achieved  by  first  selectively  implanting  arsenic 
through  windows  made  on  a  mask  of  photoresist/ZnS 
and  then  diffusing  the  arsenic  by  annealing  through 
the  cap  layer  into  the  narrow  gap  base  layer.  A  sche¬ 
matic  of  the  device  structure  can  be  found  in  Ref  6. 
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RESULTS  AND  DISCUSSION 

Figure  la  is  a  current-voltage  characteristic  of  a 
typical  MBE  Hg^^^gCd^  327^0  planar  photodiode  at  300K 
Dark  currents  at  small  and  modest  reverse  bias  volt¬ 
age  region  are  thermally  generated  for  high  perfor¬ 
mance  devices,  in  good  agreement  with  predicted 
theoretical  values  assuming  minority  carrier  diffu¬ 
sion  length  of  HgCdTe  of  similar  composition  and 
intrinsic  carrier  concentration  for  n-type  layer  at 
300K.  As  illustrated  in  Fig.  lb,  the  dynamic  imped¬ 
ance  of  this  high  performance  device  continues  to 
increase  to  0.27  Q-cm^  for  modest  bias  voltages.  No 
degradation  in  device  performance  at  room  tem¬ 
perature  and  77K  was  observed  when  2.5  volts  re¬ 
verse  bias  was  applied  at  300K.  The  I-V  charac¬ 
teristics  were  measured  up  to  40°C,  where  at  this 
temperature  the  series  resistance  becomes  the  limit¬ 
ing  factor  in  measurement  of  R^A. 

The  spectral  response  was  measured  with  a  Nicolet 
Fourier  transform  infrared  spectrometer,  the  50% 
spectral  wavelength  cutoff  was  used  to  determine 
the  energy  gap  of  HgCdTe.  The  300K  spectral  re¬ 
sponse  for  these  devices  was  broadband,  with  X^^  of 
6.47  |im  (x  =  0.227),  as  illustrated  in  Fig,  2.  This  X^^ 
value  is  consistent  with  the  narrow  gap  layer  cutoff 
value  of  6.40  gm  (x  =  0.229)  calculated  from  the 
absorption  edge  of  the  room  temperature  infrared 
transmission  spectra  using  the  Hansen,  Schmit,  and 
Casselman  equation.'^  300KI-V  characteristic  of  a  low 
performance  LWIR  (x  =  0.227)  device  is  presented  in 
Fig.  3,  showing  decrease  in  reverse  bias  dynamic 
impedance  between  0.3  to  1  volt.  300K  reverse  bias 
R^A  value  for  this  device  is  2.6  x  10"^  fl-cm^  at  one  volt 
and  77K  I-V  characteristic  was  poor  with  R  A  value  of 
2.2  X  10-1  Q.cm2. 

Several  studies  have  been  reported  on  the  low  tem¬ 
perature  properties  of  LWIR  photodiodes,  where  at 
high  reverse  bias  the  dynamic  impedence  was  ob¬ 
served  to  decrease  with  a  negative  coefficient  of  cur¬ 
rent  component.2-4  Stud3dng  R^  at  sufficiently  high 
reverse  bias  and  high  temperatures  where  the  R^A 
varies  with  temperature  as  n.-i  provides  information 
on  which  component  of  dark  current  plays  the  major 
role  in  limiting  the  diode  operation.!*^  We  report  on  a 
correlation  of  LWIR  array  uniformity  and  performance 
at  77K  on  voltage  dependence  of  dynamic  impedance 
(R^)  at  300K.  This  behavior  is  illustrated  in  Fig.  4, 
where  results  on  R^A  product  at  77K  vs  room  tempera¬ 
ture  R^A  product  at  one  volt  reverse  bias  for  several 
miniarrays  with  different  absorbing  layer  composi¬ 
tions  is  shown.  Both  room  temperature  and  77K 
measurements  were  performed  with  no  illumination 
for  a  nominal  junction  area  of  30  x  30  gm^.  Note  the 
dependence  of  dynamic  impedance  on  bandgap  of 
materials  with  upper  limit  R^A  values  at  77K  which  is 
consistent  for  R^A  calculations  based  on  an  ideal  diode 
equation  using  n^^-n^  =  3  x  10^^  cm-^  and  Auger- 
limited  minority  carrier  lifetime.  As  shown  in  Fig.  4, 
higher  R^A  values  at  room  temperature  seems  to 
indicate  also  higher  R^A  values  at  77K.  This  suggests 


that  current  fluctuation  at  high  reverse  bias  is  still 
controlled  by  localized  electrically  active  flaws  and 
imperfections.  No  major  variation  from  this  behavior 
is  seen  except  one  sample  (x  =  0.220)  which  exhibited 
low  R^A  products  at  room  temperature  but  R^A  values 
at  77K  was  comparable  to  values  for  high  perfor¬ 
mance  arrays.  However,  quantum  efficiency  for  this 
sample  in  contrast  to  quantum  efficiency  values  for 
other  arrays  used  in  this  study  was  low  at  77K. 
Formation  of  electrical  junction  in  wide  bandgap  cap 
layer  could  explain  measured  higher  R^A  product  and 
low  quantum  efficiency  at  77Kfor  this  array.  We  have 
not  yet  attempted  to  analyze  these  results  further; 
however,  standard  techniques  to  assess  whether  sur¬ 
face  or  bulk  features  are  the  limiting  dark  currents  for 
low  performance  arrays  provide  good  insight  into 
understanding  the  dominant  currents  limiting  R^A  at 
various  temperature  regions. 

SUMMARY 

In  summary,  we  have  demonstrated  room  tem¬ 
perature  I-V  characterization  of  Hg^  ^Cd^Te 
(0.22<x<0.28)  devices.  The  device  structure  is  planar 
P-on-n  heterostructure  grown  by  MBE,  the  p  and  n 
layers  doped  with  arsenic  and  indium,  respectively. 
Thermally  generated  dark  currents  dominate  the  I-V 
characteristic  of  these  devices  at  300K.  Diode  arrays 
with  high  room  temperature  R^A  values  at  one  volt 
reverse  bias  also  have  high  R^A  at  77K.  Similarly,  low 
R^A  values  at  room  temperature  indicate  poor  perfor¬ 
mance  at  77K  where  deviation  from  diffusion  cur¬ 
rents  occurs  at  reverse  bias  of  0.2  to  1  volt  at  300K. 
The  results  presented  here,  for  a  small  samples  of 
devices  demonstrate  that  room  temperature  mea¬ 
surements  of  I-V  characteristics  to  evaluate 
Hgj  ^Cd^Te  (0.22<x<0.28)  diode  performance  and  ar¬ 
ray  uniformity  at  lower  temperatures  can  be  used. 
This  provides  an  acceptable  criteria  for  further  study 
at  lower  temperatures. 
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Epitaxial  growth  of  Hg-based  semiconductors  by  molecular  beam  epitaxy  (MBE) 
and  metalorganic  MBE  (MOMBE)  has  progressed  sufficiently  to  shift  emphasis 
to  the  control  of  factors  limiting  the  yield  of  both  materials  and  devices.  This 
paper  reports  on  an  ex-situ  study  to  evaluate  the  suitability  of  reflectance  and 
photoreflectance  (PR)  as  in-situ  characterization  techniques  for  the  growth  of 
CdTe  and  HgCdTe.  Photoreflectance  yields  information  about  CdTe  layers,  with 
largest  utility  for  doped  and  multi-layer  structures.  However,  caution  must  be 
taken  in  interpretation  of  the  spectra  since  the  near-bandedge  PR  spectra 
consists  of  multiple  transitions  and  the  E^  transition  energy  is  very  sensitive  to 
the  sample  history.  Photoreflectance  appears  to  be  of  limited  utility  for  HgCdTe 
single  layer  growth  with  x<0.4.  However,  reflectance  measurements  of  the  E^ 
peak  can  be  used  to  determine  composition  in  HgCdTe  single  layers  with  an 
accuracy  Ax  =  ±0.01,  which  can  be  useful  for  growth  control.  A  tight  binding 
model  was  used  to  calculate  the  E^  peak  energy  as  a  function  of  bandgap  for 
HgCdTe  and  HgTe/CdTe  superlattices.  Comparisons  are  made  with  experimen¬ 
tal  observations.  Surface  interdiffusion  in  HgTe-CdTe  superlattices  was  probed 
using  reflectance  measurements. 

Key  words:  HgCdTe,  in-situ  characterization,  molecular  beam  epitaxy 
(MBE),  metalorganic  molecular  beam  epitaxy  (MOMBE), 
reflectance,  photoreflectance 


INTRODUCTION 

Significant  progress  has  been  made  in  the  growth  of 
HgCdTe  alloy  and  HgTe/CdTe  superlattice  (SL)  epi¬ 
taxial  layers  by  molecular  beam  epitaxy  (MBE)  and 
metalorganic  MBE  (MOMBE).  High  quality  HgCdTe 
and  HgTe/CdTe  SL  with  properties  suitable  for  infra¬ 
red  (IR)  detector  fabrication  have  been  demonstrated. 
Emphasis  has  shifted  to  evaluating  and  controlling 
critical  factors  during  growth  that  limit  the  yield  of 
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both  materials  and  devices. 

Photoreflectance  (PR)  spectroscopy  is  a  powerful 
tool  for  characterization  of  semiconductor  materials 
and  quantum  well  structures.  Photoreflectance  sig¬ 
nals  are  observed  at  elevated  temperatures  in  III-V 
semiconductors,^  indicating  that  PR  may  be  suitable 
as  an  in-situ  monitoring  technique  during  growth. 
Reflectance  spectroscopy  has  been  used  for  many 
years  as  a  standard  characterization  technique  for 
semiconductors.  This  ex-situ  study  assesses  the  util¬ 
ity  of  reflectance  and  PR  as  in-situ  growth  character¬ 
izations  for  CdTe  and  Hg-based  MBE.  Efforts  concen¬ 
trated  on  two  key  areas.  The  first  area  was  an  assess- 
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Fig.  1 .  Photoreflectance  of  CdTe.  Plot  (a)  represents  an  80K  spectrum  representative  of  undoped  CdT e  while  plots  (b),  (c),  and  (d)  are  representative 
of  iodine  doped  CdTe  at  80,  296,  and  363K,  respectively. 


Temperature  (K) 

Fig.  2.  transition  energies  of  CdTe  measured  by  photo  reflectance. 
A  wide  spread  in  the  transition  energies  was  observed. _ 

merit  of  the  accuracy  with  which  reflectance  and  PR 
measurements  can  determine  composition  during 
growth,  allowing  small  corrections  to  be  made  in  alloy 
composition  or  SL  layer  thicknesses  thereby  improving 
reproducibility.  Second,  a  determination  was  made 
whether  these  techniques  can  provide  an  indepen¬ 
dent  measure  of  the  growth  temperature,  a  very 
critical  parameter  in  Hg-based  MBE. 

EXPERIMENTAL 

During  this  study,  PR  and  reflectance  measurements 
were  made  on  bulk  and  thin  film  CdTe,  single  layers 
of  HgCdTe  grown  by  MBE  and  MOMBE,  and  HgTe/ 
CdTe  superlattices.  II-VI,  Inc.  (Saxonburg,  PA)  pro¬ 
vided  samples  of  undoped  bulk  (100)  and  (211)-ori“ 
ented  CdTe.  The  surface  of  the  bulk  CdTe  was  chemi¬ 
cally  polished  with  Brimethanol  using  a  technique 
developed  for  MBE  growth.  An  undoped  (211)B  CdTe/ 
(211)B  GaAs  layer,  a  (211)B  HgCdTe/CdTe  layer,  and 


six  (211)B  HgTe/CdTe  superlattices  grown  by  MBE 
were  provided  by  Martin  Marietta  Electronics  Labo¬ 
ratory.  Four  iodine  doped  ( 100)  CdTe/CdTe  layers  and 
two  (211)B  HgCdTe/CdTe  layers  grown  by 
metalorganic  MBE  were  provided  by  the  Physical 
Sciences  Laboratory  at  Georgia  Tech  Research  Insti¬ 
tute.  The  epilayers  were  high  quality  as  determined 
by  transmission  electron  diffraction  (TEM),  Hall  ef¬ 
fect  and  double  crystal  x-ray  diffraction  measure¬ 
ments. 

The  CdTe  samples  exhibited  significant  photo¬ 
luminescence  (PL)  during  the  PR  measurements.  To 
minimize  the  effect  of  the  PL,  a  “sweeping”  PR  tech¬ 
nique  similar  to  that  described  by  Shen  et  al.^  was 
used.  Light  passing  from  a  tungsten  lamp  through  a 
1/4-meter  monochromator  served  as  the  probe  source. 
The  modulating  light  was  provided  by  passing  the  5 14 
nm  line  of  an  argon  ion  laser  through  an  acousto-optic 
modulator  operating  at  200  Hz.  The  power  density  at 
the  sample  ranged  between  1  to  5  mW/cm^.  The 
reflected  light  was  directed  into  a  photomultiplier 
tube,  with  the  resultant  signal  being  deconvoluted 
into  ac  and  dc  signals  using  a  lock-in  amplifier  and  dc 
voltmeter  for  subsequent  acquisition  and  analysis.  A 
narrow  bandwidth  active  bandpass  filter  was  placed 
before  the  lock-in  to  further  reduce  noise.  The  mini¬ 
mum  detectable  AR/R  was  -5  x  10”®.  All  operations 
were  under  computer  control.  The  samples  were 
mounted  in  a  simple  dewar  system  for  PR  mea¬ 
surements,  and  data  was  taken  at  80, 296,  and  363K. 
Reflectance  measurements  were  made  at  room  tem¬ 
perature  using  an  Olis-14  dual  beam  spectrophotom¬ 
eter.  The  measured  reflectance  was  referenced  to  a 
calibrated  sapphire  window. 

CdTe 

Photoreflectance  measurements  in  CdTe  were  made 
for  near  bandedge  transitions  and  for  the  E^  transi¬ 
tion.  Two  distinctly  different  types  of  near-bandedge 
PR  spectra  were  measured  at  80K,  as  shown  in  Fig.  1. 
The  relatively  weak  spectrum  shown  in  Fig.  la  was 
representative  of  all  undoped  low  carrier  concentra- 


Reflectance  and  PR  for  In-Situ  Monitoring  of  the 
MBE  Growth  of  CdTe  and  Hg-Based  Materials 

tion  samples  and  represents  a  superposition  of  a  free 
exciton  transition  and  a  donor-hole  transition.^  In 
contrast,  as  illustrated  by  Fig.  lb,  the  iodine-doped 
layers  and  the  undoped  (100)  bulk  CdTe  sample 
exhibited  a  strong  signal  dominated  by  the  transition 
identified  as  the  donor-hole  transition.  The  fit  to  the 
PR  spectra  for  doped  samples  was  significantly  im¬ 
proved  if  the  excitonic  transition  was  also  included. 
The  only  fixed  parameter  in  the  least-squares  fitting 
procedure  was  the  choice  of  a  first  derivative  of  a 
Lorentzian  as  the  functional  form  (FDLF)  for  the  fit  as 
appropriate  for  confined  systems  such  as  excitons  and 
donors  at  low  temperature.®  Other  choices  for  the 
functional  form  did  not  result  in  an  adequate  fit  to  the 
data.  Both  types  of  spectra  indicated  an  exciton  en¬ 
ergy  of  1.586+0.002  eV  and  donor-hole  transition 
energy  of  1.581±0.002  eV  which  implies  an  80K 
bandgap  of  1.596±0.002  eV. 

Interestingly,  only  the  samples  exhibiting  the  strong 
donor-hole  PR  signal  at  80K  had  a  measurable  PR 
signal  at  296  and  363K.  The  PR  signal  at  higher 
temperatures,  as  shown  in  Figs.  Ic  and  Id,  consisted 
of  a  superposition  of  both  excitonic  and  direct  band-to- 
band  transitions  at  1.504+0.002  eV  and  1.514±0.002 
eVat  296Kand  1.483±0.002  eVand  1.493±0.002  eVat 
363K,  respectively.  This  analysis  is  discussed  in  more 
detail  in  another  paper  presented  at  this  workshop^ 
and  is  consistent  with  the  results  of  a  recent 
photoluminescence  study®  indicating  that  excitons 
play  a  significant  role  at  room  temperature.  The 
multiple  transitions  complicate  interpretation  and 
give  an  inherent  uncertainty  of  up  to  7  meV  in  any 
analysis  of  the  spectra  assuming  only  a  single  transi¬ 
tion.  For  example,  assuming  only  the  third  derivative 
of  a  Lorentzian  functional  form  (TDLF)  appropriate 
for  band-to  band  transitions  results  in  a  bandgap 
energy  of  1.507  eV.  As  shown  in  Fig.  Ic,  use  of  only  a 
TDLF  resulted  in  a  poor  fit  to  the  data  on  both  sides 
of  the  main  figure.  A  significantly  better  single  tran¬ 
sition  fit  is  obtained  when  the  first  derivative  Gaussian 
function  (FDGF)  suitable  for  excitonic  transitions®  at 
high  temperatures  is  also  included.  The  multiple 
transition  fits  also  yield  values  for  the  bandgap  more 
consistent  with  previous  electroreflectance  and  photo¬ 
luminescence  measurements  If  the  near-bandedge 
PR  signal  for  CdZnTe  consists  of  similar  multiple 
transitions,  this  could  lead  to  an  uncertainty  in  x- 
value  of  about  1%.  It  is  also  important  to  note  that 
both  in  the  as-grown  samples  and  the  chemically 
polished  substrates,  the  only  samples  which  exhib¬ 
ited  a  measurable  high  temperature  PR  signal  also 
had  an  appreciable  donor-hole  signal  at  80K.  Thus,  an 
appreciable  room-temperature  or  above  PR  signal 
may  be  a  signature  of  high  levels  of  impurities  in  the 
substrates.  This  latter  effect  warrants  more  investi¬ 
gation. 

The  E  j  transition  was  also  measured,  and  appeared 
to  consist  of  a  single,  narrow  transition.  The  PR 
spectrum  was  thus  analyzed  in  the  conventional  fash¬ 
ion  for  the  Ej  transition,  as  a  third  derivative  of  a 
Lorentzian  function  appropriate  for  a  two-dimen¬ 
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sional  transition.  The  surprizing  results  obtained  for 
Ej  are  displayed  in  Fig.  3.  This  figure  shows  the 
measured  E^  energy  as  a  function  of  temperature  for 
13  samples.  A  very  broad  range  of  energies  was 
observed  at  80K,  with  the  spread  in  energies  becom¬ 
ing  less  pronounced  as  the  temperature  was  raised. 
However,  a  distinct  spread  in  the  measured  E^  ener¬ 
gies  remained  up  to  363K.  As  discussed  in  more  detail 
in  another  paper  at  this  workshop,^  the  E^  energy 
depends  on  many  factors  related  to  the  sample’s 
history.  Certainly,  this  observation  of  a  wide  varia¬ 
tion  for  E  j  in  the  current  diverse  set  of  samples  allows 
a  better  understanding  of  the  spread  in  reported  E^ 
values  for  CdTe  reported  in  the  literature,  a  spread 
which  has  been  much  larger  than  can  be  explained  by 
the  inherent  precision  of  the  measurements  them- 
selves.^'^243  Unfortunately,  this  spread  limits  the  util¬ 
ity  of  this  measurement  for  determining  growth  pa¬ 
rameters  such  as  substrate  temperature.  The  samples 
which  exhibited  the  least  bowing  in  the  E^  energy  as 
a  function  of  temperature  still  had  a  slope  at  high 
temperatures  that  ranged  form  0.54  to  0.62  meV/K. 
Without  a  priori  knowledge  of  this  slope  for  a  given 
substrate,  this  uncertainty  limits  an  independent 
determination  of  the  substrate  temperature  to  about 
±10°C.  Thus,  while  PR  measurement  of  the  E^  energy 
in  CdTe  can  be  used  as  a  general  diagnostic  of  surface 
temperature,  it  appears  that  other  techniques,  such 
as  the  observation  of  Te-condensation  by  reflection 
high  energy  electron  diffraction  (RHEED)  reported 
by  Rajavel  et  al.^^  provide  a  better  independent  deter¬ 
mination  of  substrate  temperature.  However,  since 
the  Ej  energy  depends  on  the  sample’s  growth  param- 


l.S  2.0  2.5  3.0  3.5 


Energy  (eV) 

Fig.  3.  Reflectance  spectra  from  HgCdTe  grown  by  MBE,  MOM  BE, 
and  LPE  and  a  spectrum  from  a  HgTe/CdTe  SL.  The  MBE  and  LPE 
samples  have  a  nominal  x-value  of  0.22,  while  the  MOMBE  sample 
has  a  nominal  x-value  of  0.43. 
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Table  I.  Parameters  Used  in  the  ETBM  Calculation 


77K  300K 


EiHgTe)  -0.271  eV  -0.167  eV 

E,(HgTe)  2.21  eV  2.12  eV 

E„(CdTe)  1.596  eV  1.529  eV 

Ei(CdTe)  3.44  eV  3.31  eV 


80K  CUTOFF  (/im) 

Fig.  4.  transition  energy  as  a  function  of  cutoff  wavelength  for 
HgCdTe  and  HgTe/CdTe  SL.  Experimental  measurements  are  com¬ 
pared  to  results  predicted  by  ETBM  calculations.  For  HgCdTe,  the 
ETBM  calculations  are  compared  to  the  formula  by  Raccah^®  based  on 
electrolyte  electroreflectance  measurements. 

eters,  energies  can  be  determined  that  correspond 
to  the  desired  materials  properties.  Thus,  the 
energy  can  serve  as  a  process  check.  Deviation  from 
this  point  during  growth  would  indicate  deviation 
from  the  desired  characteristics. 

A  strong  PR  signal  was  easily  observed  in  all  of  the 
doped  CdTe  layers.  Variations  in  the  PR  signal  with 
doping  concentration  and  other  growth  parameters 
are  discussed  in  another  paper  in  this  proceedings."^ 
However,  in  all  cases,  the  magnitude  was  virtually 
unchanged  in  going  from  296  to  363K.  This  indicates 
that  PR  measurements  in  doped  layers  should  be 
quite  feasible  at  the  growth  temperatures.  When 
proper  interpretation  is  given  to  the  spectra,  PR  will 
be  a  useful  tool  for  investigating  doped  single  layers 
and  multi-layer  structures  based  on  CdTe. 

HgCdTe  AND  HgTe/CdTe  SUPERLATTICES 

A  photoreflectance  signal  was  not  observed  for  any 
of  the  HgCdTe  single  layers  or  HgTe/CdTe 
superlattices  at  room  temperature  or  above,  to  the 
measurement  limit  of  our  system.  This  is  consistent 
with  earlier  measurements  of  PR  in  undoped 
HgCdTe^^’^^  which  reported  quite  small  signals  at 
80K.  Only  undoped  layers  with  bandgaps  corre¬ 
sponding  to  wavelengths  larger  than  4  pm  were  inves- 
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tigated.  Highly  doped  multi-layer  structures  or  single 
layers  of  shorter  wavelength  were  not  investigated.  It 
is  conceivable  that  either  shorter  wavelengths  or  the 
presence  of  strong  electric  fields  at  the  junction/ 
interfaces  in  doped  structures  will  yield  a  PR  signal 
during  growth.  However,  the  current  result  indicates 
that  PR  will  be  of  limited  value  for  the  growth  of 
undoped  and  single  layers  of  Hg-based  materials  for 
long  wave  IR  applications. 

The  E^  transition  can  also  be  observed  in  reflectance 
measurements.  Reflectance  measurements  made  at 
room  temperature  as  a  function  of  energy  for  three 
samples  of  HgCdTe  are  compared  in  Fig.  2.  The 
relatively  sharp  spectra  from  the  MBE  and  MOMBE 
samples  allowed  a  reproducible  determination  of  the 
peak  position  to  within  ±0.5  nm,  which  corresponds  to 
±3  meV  at  these  wavelengths.  Shown  for  comparison 
is  the  reflectance  spectrum  obtained  from  a  liquid 
phase  epitaxy  (LPE)  sample.  The  relatively  broad  E^ 
peak  measured  for  this  particular  sample  was  repre¬ 
sentative  of  that  measured  for  many  samples  from 
various  sources  and  indicates  a  spread  in  x-value  over 
the  1  cm  linear  dimension  of  our  reflectance  beam, 
precluding  accurate  peak  determination.  Thus,  re¬ 
flectance  measurement  also  provides  a  measure  of 
sample  uniformity.  By  using  expressions  such  as  that 
given  by  Raccah  et  al.^®  which  experimentally  relate 
the  E^  energy  at  room  temperature  to  x-value,  the  x- 
value  can  be  determined  to  ±0.01.  While  this  is  not  the 
accuracy  desired  in  final  control  of  cutoff  wavelength, 
it  is  certainly  accurate  enough  to  serve  as  a  coarse 
process  check.  The  next  step  needed  to  fully  imple¬ 
ment  this  measurement  during  growth  is  an  accurate 
determination  of  the  shift  in  E^  energy  with  tem¬ 
perature  for  HgCdTe.  Again,  as  with  the  E^  transition 
in  CdTe,  measurement  of  the  E^  reflectance  peak  in 
HgCdTe  may  best  serve  as  an  indicator  of  when 
growth  has  deviated  from  the  desired  conditions. 

HgTe/CdTe  SL  continue  to  be  of  interest.^  A  calcu¬ 
lation  of  the  E^  energy  vs  bandgap  by  Ritze  et  al.^"^  for 
HgTe/CdTe  SL  suggested  that,  for  10  to  12  pm  cutoff, 
measurement  of  the  E^  energy  may  be  a  better  predic¬ 
tor  of  bandgap  for  the  SL  than  for  the  equivalent  alloy. 
The  initial  measurements  of  the  E^  peak  position  for 
several  SL  also  supported  a  more  pronounced  varia¬ 
tion  of  the  Ej  energy  with  bandgap  than  is  found  for 
HgCdTe.  Thus,  a  more  detailed  study  of  the  E^  tran¬ 
sition  in  HgTe/CdTe  SL  was  undertaken  using  re¬ 
flectance  measurements. 

An  empirical  tight-binding  method  (ETBM),  which 
has  been  described  in  detail  elsewhere,^®  was  used  to 
calculate  E^  as  a  function  of  bandgap  energy.  For  the 
present  calculations,  the  parameters  listed  in  Table  I 
were  used.  Calculations  were  first  made  for  the  E^ 
energy  as  a  function  of  bandgap  for  the  alloy,  HgCdTe. 
As  shown  in  Fig.  4,  excellent  agreement  was  found 
between  the  results  of  this  calculation  and  the  experi¬ 
mentally  measured  values  of  E^  for  HgCdTe.  The 
values  were  obtained  by  linear  interpolation  of  the 
tight-binding  parameters  of  the  constituents  which 
corresponds  to  the  virtual  crystal  approximation. 
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Deviation  between  experiment  and  theory  away  from 
the  endpoints  can  thus  be  understood  since  this  ap¬ 
proach  leads  to  practically  no  bowing  in  the  and 

energies. 

A  valence  band  offset  of  -350  meV  was  assumed 
between  HgTe  and  CdTe  for  the  SL  calculations.  The 
barrier  layers  were  taken  to  be  Hg^  ^Cd^  ^Te  in  order  to 
reflect  the  actual  composition  in  the  samples.  The 
calculations  were  done  for  the  (100)  growth  direction 
assuming  growth  on  a  CdTe  substrate.  Strain  effects 
are  included  by  fitting  the  bulk  energy  shift  and 
splitting  of  the  HgTe  to  the  respective  a  and  b  defor¬ 
mation  potentials.  For  example,  dE/dP  =  12.meV/ 
kbar^®  and  E^j^-Ej^j^  =  22  meV^^  for  a  (3dTe  substrate. 
Since  the  calculations  were  to  be  compared  to  samples 
grown  in  the  (211)  direction,  first  order  corrections 
were  made  to  the  bandgap  energies  based  on  k-p 
calculations.  The  calculated  results  are  summarized 
in  Table  II  and  compared  with  that  for  HgCdTe  in  Fig. 
4.  The  trend  in  E^  as  a  function  of  cutoff  wavelength 
is  very  similar  to  that  observed  for  HgCdTe,  exhibit¬ 
ing  essentially  the  same  curvature. 

Also  shown  in  Fig.  4  are  measured  values  of  E^^ 
determined  for  the  HgTe/CdTe  SL  using  reflectance. 
It  can  be  seen  that  the  initial  values  for  the  SL 
disagree  quite  significantly  with  the  predicted  values . 
It  was  noticed  that  the  measured  E^  values  corre¬ 
sponded  closely  to  that  expected  for  the  resulting 
HgCdTe  if  the  layers  were  completely  interdiffused. 
However,  an  interpretation  of  complete  interdiffu- 
sion  strongly  conflicted  with  IR  photoluminescence 
and  TEM  measurements  made  on  the  same  SL. 

The  SL  were  then  etched  in  a  sequence  of  steps 
using  a  Br-methanol  solution.  About  0.25  pm  was 
removed  per  step,  and  reflectance  measurements 
were  repeated  after  each  etch  step.  The  absorption 
coefficient  of  a  HgTe/CdTe  SL  has  values  greater  than 
5  X  10^  cm~i  at  the  E^  energy.^^  Thus,  the  reflectance 
measurement  samples  a  depth  approximately  equal 
to  the  etch  step.  The  E^  peak  initially  shifted  quite 
dramatically  toward  longer  wavelength  with  etch 
depth  and  then  remained  stable  at  a  fixed  wavelength 
after  removal  of  about  0.5  pm.  This  effect  was  ob¬ 
served  on  all  the  superlattices  and  can  be  interpreted 
as  interdiffusion  of  the  SL  at  the  front  surface.  The 
interdiffusion  is  not  caused  by  the  sample  tempera¬ 
ture  during  growth,  or  the  SL  would  exhibit  more 
severe  interdiffusion  near  the  substrate.  Indeed,  com¬ 
parison  of  front-side  and  through  the  substrate 
photoluminescence  indicates  little  change  in  bandgap 
throughout  a  relatively  thick  SL,^  indicating  minimal 
interdiffusion  in  the  initial  layers  grown.  Evidence  of 
significant  interdiffusion  has  not  been  observed  in  as- 
grown  SL  by  transmission  electron  microscopy. 

A  detailed  study  of  HgTe/CdTe  SL  interdiffusion  by 
Kim  et  al.^^  has  indicated  that  a  significantly  higher 
interdiffusion  coefficient  occurs  near  the  surface  of  a 
SL  as  compared  to  the  bulk,  most  likely  due  to  surface 
generation  of  defects  or  vacancies.  This  effect  was 
measured  in  SL  annealed  at  elevated  temperatures 
without  an  equilibrium  Hg  overpressure.  It  is  con¬ 


ceivable  that  similar  conditions,  deviating  from  equi¬ 
librium,  occur  during  cooldown  after  growth.  If  the 
interdiffusion  is  indeed  an  artifact  of  the  growth  cool¬ 
down  conditions,  suitable  changes  can  eliminate  the 
problem.  It  should  be  noted  that  the  rapid  change  in 
bandgap  implied  by  the  dramatic  change  in  E^  with 
etch  depth  would  not  show  up  in  a  PL  measurement, 
and  so  was  not  detected.  Indeed,  the  measurement  of 
the  Ej  reflectance  peak  has  proven  to  be  a  useful  tool 
for  evaluating  surface  interdiffusion  in  HgTe/CdTe 
SL.  One  SL  has  been  selected  to  monitor  for  an 
extended  period  of  time  to  look  for  surface  inter- 
diffusion  at  room  temperature. 

A  typical  reflectance  spectrum  for  a  HgTe/CdTe  SL 
after  etching  was  shown  in  Fig.  3.  This  is  the  first 
report  of  E^  and  E^^  +  transition  energies  for  HgTe/ 
CdTe  SL  that  are  different  from  that  observed  for 
HgTe.^'^’^^  Values  of  E^  measured  for  the  etched  SL  are 
included  in  Fig.  4  as  a  function  of  measured  SL  cutoff 
wavelength.  Interestingly,  the  values  agree  quite 
closely  with  that  observed  for  HgCdTe.  This  result 
indicates  that  using  measurements  of  the  E^  peak  to 
determine  the  cutoff  wavelength  is  possible  for  HgTe/ 
CdTe  SL.  However,  if  a  trend  can  be  inferred  from 
three  points,  the  E^  peak  of  the  HgTe/CdTe  SL  exhib¬ 
its  less  variation  with  wavelength  than  found  for 
HgCdTe. 

CONCLUSION 

This  paper  reports  on  an  evaluation  of  the  suit¬ 
ability  of  reflectance  and  photoreflectance  as  in-situ 
characterization  techniques  for  the  growth  of  Hg- 
based  materials.  Photoreflectance  can  yield  informa¬ 
tion  about  CdTe  layers,  with  largest  utility  for  doped 
and  multi-layer  structures.  However,  caution  must 
be  taken  in  interpretation  of  the  spectra.  The  near- 
bandedge  PR  spectra  appears  to  consist  of  multiple 
transitions  while  the  E^  transition  energy  is  very 
sensitive  to  the  sample  history.  The  latter  precludes 
using  measurement  of  the  E^  transition  energy  to 
determine  sample  temperature  without  prior  knowl¬ 
edge  of  the  sample. 

Photoreflectance  appears  to  be  of  limited  utility  for 


Table  II.  Calculated  and  Measured  Values  of 
and  Ej  for  Various  HgTe/CdTe  SL 


Layer 

HgTe 

(A) 

Thick. 

CdTe 

(A) 

Calculated 

E„@ 

80K 

(^m) 

E^@ 

296K 

(nm) 

Measured 

E„@ 

80K 

(|lin) 

Ej@ 

296K 

(nm) 

39 

36 

9.1 

579 

_ 

_ 

42 

45 

11.3 

581 

11.5 

540 

48 

26 

20.0 

585 

— 

— 

49* 

26* 

— 

— 

11 

538 

45 

26 

16.6 

582 

— 

— 

19 

23 

4.0 

553 

— 

— 

19 

24 

— 

— 

3.9 

528 

*These  layer  thicknesses  were  not  measured  directly,  but  inferred 
from  growth  conditions. 
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Hg“based  alloy  and  single  layer  growth.  However, 
reflectance  measurements  of  the  peak  can  be  used 
to  determine  composition  in  HgCdTe  single  layers 
with  an  accuracy  Ax  =  ±0.01,  which  is  useful  for 
growth  control.  For  precise  process  control,  however, 
the  higher  precision  obtainable  with  ellipsometry  or 
wavelength  difference  spectroscopy  is  desirable.  A 
tight  binding  model  was  used  to  calculate  the  peak 
energy  as  a  function  of  bandgap  for  HgCdTe  and 
HgTe/CdTe  superlattices.  The  SL  were  found  to  have 
essentially  the  same  E^  energy  at  a  given  cut-off 
wavelength  as  HgCdTe.  Surface  interdiffusion  in 
HgTe-CdTe  superlattices  was  probed  using  reflec¬ 
tance  measurements. 
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Optical  Properties  of  Undoped  and  Iodine-Doped  CdTe 
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A  comprehensive  study  of  the  properties  of  undoped  and  iodine-doped  CdTe 
structures  by  photoluminescence  (PL)  and  photoreflectance  (PR)  is  reported. 
Undoped  bulk  CdTe  and  iodine-doped  CdTe  layers  grown  by  metalorganic 
molecular  beam  epitaxy  on  (lOO)-oriented  CdTe  and  (211)B-oriented  GaAs 
substrates  with  electron  concentrations  ranging  from  10^^  to  mid- 10^®  cm“^  were 
included  in  this  study.  Lineshape  modeling  of  8 OK  PL  and  PR  spectra  indicated 
the  presence  of  both  free  exciton  and  donor-hole  transitions  at  the  higher  doping 
levels.  Strong  PL  and  PR  signals  were  also  observed  at  room  temperature.  If  only 
a  single  transition  is  considered  for  the  analysis  of  the  300K  spectra,  the  PL 
emission  peak  and  the  PR  transition  energy  both  exhibit  a  strong  dependence  on 
electron  concentration  for  doped  layers.  However,  lineshape  modeling  of  the 
room-temperature  spectra  indicated  the  presence  of  multiple  transitions  con¬ 
sisting  of  free  exciton  and  direct  band-to-band  transitions.  The  use  of  two 
transitions  resulted  in  a  constant  value  of  bandgap  over  the  entire  range  of 
conductivities  studied.  A  strong  correlation  remained  between  the  broadening  of 
the  PR  and  PL  spectra  and  excess  carrier  concentration  Nj^-  N^.  In  addition,  the 
E^  transition  energy  measured  by  PR  was  found  to  vary  dramatically  with 
growth  conditions. 

Key  words:  CdTe,  metalorganic  molecular  beam  epitaxy  (MOMBE), 
photoluminescence,  photoreflectance 


INTRODUCTION 

Efficient  n-type  doping  of  CdTe  has  been  ac¬ 
complished  using  iodine  as  an  anion  dopant.  Bright 
photoluminescence  (PL)  at  low  temperatures  was 
obtained  from  a  series  of  CdTe:I  samples  exhibiting 
room-temperature  electron  concentrations  of 
-'lx  cm”^.^  In  the  prior  PL  study,  the  shallow 
donor  nature  of  substitutional  1,^^  was  verified.  Photo¬ 
reflectance  (PR)  measurements  were  also  previously 
reported  for  the  same  set  of  samples.^  The  PL  and  PR 
spectroscopy  studies  have  been  extended  in  the  present 
paper  to  include  a  series  of  samples  displaying  a  wider 
range  of  conductivities. 

CdTe:I  epilayers  were  grown  by  MOMBE  on  (100)- 
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oriented  CdTe  and  (211)B-oriented  GaAs  substrates 
at  Georgia  Tech.  Electron  concentrations  ranged  from 
10^^  to  mid  10^®  cm“®  at  room  temperature.  Ethyliodide 
was  used  as  the  gas  source  for  the  dopant  precursor. 
The  films  were  grown  at  substrate  temperatures 
ranging  from  170  to  250°C  using  CdTe  as  the  source 
material.  Excess  Cd  was  provided  from  a  separate  Cd 
source  for  various  layers.  A  summary  of  layer  parame¬ 
ters  is  given  in  Table  1.  A  two  micron  CdTe  buffer  layer 
was  grown  on  the  GaAs  substrates  prior  to  deposition 
of  the  two  lightly  doped  epilayers  (A9307  and  A9309). 
The  thicknesses  of  the  doped  regions  only  are  in¬ 
cluded  in  Table  I.  Hall  effect,  x-ray  diffraction,  PL, 
and  PR  measurements  indicated  that  the  epilayers 
were  of  high  quality.  Undoped  bulk  samples  were 
included  in  our  study  for  comparison.  Photolu¬ 
minescence  measurements  were  recorded  from  the 
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Fig.  1 .  Representative  4.8K  PL  spectra  recorded  under  500  mW/cm^ 
excitation  (argon  ion  laser,  514.5  nm)  from  (a)  low-doped  epilayer 
grown  on  a  GaAs  substrate  showing  (D®,  X)  at  1.5935  eV,  and  (b) 
heavily  doped  CdTe:l  grown  on  bulk  CdTe  substrate. 


samples  at  4.8, 80K,  and  room  temperature  (-300K). 
Photoreflectance  data  was  taken  at  80,  296,  and 
363K.  The  PL^  and  PR^  experimental  setups  have 
been  described  elsewhere. 

Representative  liquid-helium  temperature  PL  spec¬ 
tra  recorded  from  the  iodine-doped  epilayers  are  shown 
in  Fig.  1  for  emission  immediately  below  the  bandgap 
energy.  The  luminescence  was  excited  using  an  inci¬ 
dent  power  density  of  500  mW/cm^.  Figure  la  is  the 
emission  recorded  from  the  lowest  doped  epilayer 
which  had  a  room-temperature  excess  electron  con¬ 
centration,  Nq-  N^,  of  4.4  X  10^^  cm-^  Sharp  bound- 
exciton  lines  were  observed  with  the  dominant  emis¬ 
sion  corresponding  to  donor-bound  exciton  recombi¬ 
nation  (D^,X)  at  1.5935  eV,  consistent  with  the  shal¬ 
low  donor  nature  of  1^^.^  The  free-exciton  recombina¬ 
tion,  which  normally  is  seen  at  1.5954  eV  in  bulk  or 
homoepitaxially  grown  CdTe,  was  observed  at  1.5966 
eV  in  Fig.  la.  This  increase  in  free-exciton  emission 
energy  of  1.2  meV  is  believed  to  be  related  to  residual 
strain  due  to  the  thermal  expansion  mismatch  be¬ 
tween  the  CdTe  epilayer  and  the  GaAs  substrate 
upon  cooling  to  4.8K. 

An  estimate  of  the  I^^  donor  ionization  energy  Ej^ 
can  be  made  from  the  (D^,X)  emission  energy  in  the 


Fig.  2.  Photoreflectance  at  80K  from  CdTe:l/CdTe  epilayers  with 
varying  carrier  concentrations.  A  two-transition  fit  using  two  FDLF 
(solid  line)  reproduces  the  PR  data  (dots)  very  well.  The  two  transitions 
are  the  iodine  donor-hole  transition  at  ~1 .582  eV  and  the  free  exciton 
at -1.588  eV. _ 

lowest  doped  CdTe:I  epilayer  once  the  strain-shift  in 
the  X  emission  is  taken  into  account.  Fluorine  (Ej^  = 
13.71  meV)  and  chlorine  (Ejj  =  14.48  meV)  donors  in 
bulk  CdTe  produce  bound  exciton  lines  at  1.59314  and 
1.59296  eV,  respectively.^  After  subtracting  the  1.2 
meV  shift  due  to  strain  in  our  CdTe/GaAs  epilayer, 
the  normalized  energy  for  the  iodine  (D®,X)  is  1.5923 
eV,  resulting  in  an  estimate  of  the  iodine  E^  in  the 
range  from  14.5-15  meV.  Thus,  a  consistent  decrease 
in  bound  exciton  emission  energy  (and  increase  in  Ej^) 
is  predicted  with  increasing  atomic  number  for  these 
halogen  species. 

The  PL  spectrum  from  a  more  heavily  doped  epilayer 
grown  on  a  CdTe  substrate  is  shown  in  Fig.  lb.  The 
broad  donor-related  PL  band  is  centered  around  1 . 592 7 
eV.  Note  that  the  (D^,X)  line  cannot  be  clearly  resolved 
in  this  case  but  is  consistent  with  a  14.5-15  meV  value 
for  Eq.  Acceptor-bound  exciton  (A®,X)  emission  was 
also  detected  at  1.589  eV.  As  reported  earlier,^  the 
(A®,X)  emission  lines  can  be  separately  resolved  in 
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high  resolution  scans  as  transitions  due  to  Cu  (1.5895 
eV),  Ag  (1.5885  eV),  and  Li  and/or  Na  (1.5892  eV) 
acceptor  impurities  in  the  CdTe:I/CdTe  epilayers. 
Figure  la  shows  that  Cu  contamination  is  absent 
when  GaAs  substrates  are  used.  Our  study  indicates 
that  diffusion  of  acceptor  impurities  from  II-VI  sub¬ 
strates  into  the  epilayer  during  growth  remains  a 
problem. 

Both  PR  and  PL  measurements  were  made  at  80K. 
Two  types  of  PR  spectra  were  observed  which  differed 
by  about  a  factor  of  ten  in  signal  strength,  as  dis¬ 
cussed  elsewhere.^  The  weaker  signal  was  only  ob¬ 
tained  from  low-doped  samples  (n  <  1  x  10^^  cm-^)  and 
clearly  consisted  of  the  superposition  of  two  transi¬ 
tions  with  energies  at  1.582  and  1.588  eV.  The  mecha¬ 
nisms  underlying  the  two  transitions  were  deter¬ 
mined  through  a  comparison  with  the  PL  spectrum  of 
the  same  CdTe  taken  at  78K.  The  PL  spectrum 
consisted  of  two  peaks  with  maxima  near  1.581  and 
1.589  eV.  By  tracking  CdTe  PL  edge  emission  peaks 
from  1.6K  to  higher  temperatures,  Giles®  has  shown 
that  the  peak  at  1.589  eV  corresponds  to  a  free-exciton 
transition,  while  the  emission  at  1.581  eV  is  associ¬ 
ated  with  a  donor-hole  transition.  Thus,  the  two 
overlapping  PR  signals  are  due  to  donor-hole  and 
free-exciton  transitions  with  energies  of  about  1.582 
eV  (donor)  and  1.588  eV  (exciton). 

At  80K,  the  edge  PL  emission  from  the  more  heavily 
iodine-doped  samples  broadened  to  a  single  bright 
peak  occurring  at  about  1.581  eV,  var3dngonly  slightly 
with  doping  concentration.  This  emission  occurs  sig¬ 
nificantly  below  the  80K  bandgap  of  CdTe  (-1.598 
eV).  A  similar  result  was  observed  for  the  PR  mea¬ 
surements.  Photoreflectance  spectra  from  samples 
with  different  doping  levels  are  shown  in  Fig.  2. 
Analysis  of  the  80K  PR  lineshape  assumed  only  the 
first  derivative  of  a  Lorentzian  function  (FDLF),  ap¬ 
propriate  for  confined  systems  such  as  excitons  at  low 
temperatures.'^  While  the  dielectric  function  of  an 
impurity-band  transition  has  been  described  by  a 
more  complex  dielectric  function,®  the  PR  signal  in 
Fig.  2  was  adequately  fit  using  a  FDLF  for  extracting 
transition  energies.  A  two-transition  analysis  was 
performed  where  both  exciton  and  donor  transitions 
were  considered  based  on  the  results  obtained  for  the 
less  heavily  doped  samples.  The  PR  spectra  of  the 
more  heavily  doped  samples  was  dominated  by  the 
donor-hole  transition  with  a  relative  contribution 
about  ten  times  larger  than  that  of  the  exciton  contri¬ 
bution,  Lightly  doped  or  undoped  samples  exhibited 
contributions  from  donors  and  excitons  at  compa¬ 
rable  intensities. 

Figure  2  shows  the  results  of  the  two-transition 
lineshape  fits  to  the  80K  PR  spectra  for  the  heavily 
doped  CdTeil  samples.  In  all  cases,  the  two-transition 
least-squares  fit  (solid  line)  provided  for  almost  com¬ 
plete  reproduction  of  the  PR  data  (dots).  The  donor- 
hole  transition  occurred  at  1.581  ±  0.001  eV  for  all 
doping  levels  and  is  consistent  with  the  PL  measure¬ 
ments.  The  energy  difference  between  the  two  transi¬ 
tion  energies  (exciton  and  donor)  was  consistently 


found  to  be  5  meV  ±  1  meV.  Since  the  ground  state 
energy  of  the  exciton  is  10  meV,  this  indicates  a  donor 
energy  Ej^  of  -15  meV,  which  is  consistent  with  the 
liquid  helium  temperature  PL  measurement.  Note 
also  in  Fig.  2  that  the  PR  transition  broadens  with 
increasing  carrier  concentration.  Broadening  of  com¬ 
parable  magnitude  was  observed  in  the  PL  spectra. 

Bright  PL  at  room  temperature  was  observed  from 
the  CdTe:I  samples.  As  reported  previously,^  the 
signal  intensity  from  the  CdTe:I  epilayers  with  n  = 
1  X  10^*^  cm-®  was  -1000  times  larger  than  that  ob¬ 
tained  from  a  piece  of  bulk  CdTe  normally  used  as  a 
PL  standard.  In  the  present  study,  the  magnitude  of 
the  300K  PL  signal  increased  with  increasing  doping 
level.  Both  the  position  of  the  PL  peak  and  the  full- 
width-at-half-maximum  (FWHM)  of  the  emission  peak 
were  found  to  depend  on  carrier  concentration,  as 
shown  in  Fig.  3  (solid  dots).  Note  the  shift  in  PL 
emission  peak  energy  from  1.507  to  1.523  eV.  How¬ 
ever,  the  origin  of  the  peak  shift  cannot  be  understood 
in  terms  of  a  single  band-to-band  transition.  Even  for 
the  highest  doping  level,  the  PL  emission  peak  energy 
is  still  too  low  to  be  attributed  to  conduction  band 
valence  band  (e,  h)  recombination.  The  300Kbandgap 
of  CdTe  is  about  1.513  eV,  and  the  (e,  h)  emission 
should  peak  about  1/2  kT  higher  in  energy.^^^® 

Room-temperature  PR  spectra  taken  near  the  band 
edge  also  indicated  a  strong  dependence  on  electron 
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Fig.  3.  Apparent  transition  energy  and  linewidth  of  PL  and  PR  mea¬ 
surements  as  a  function  of  carrier  concentration  in  iodine-doped  CdTe. 
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Fig.  4.  Room-temperature  (a)  PL  and  (b)  PR  spectra  for  an  iodine- 
doped  CdTe  epilayer  (n  =  1  x  1 0^^  cm-®).  In  (a),  a  single  (e,  h)  transition 
gave  a  poor  fit  (dashed  line),  while  agreement  was  obtained  when 
excitonic  contributions  were  included  (dashed  line).  In  (b),  the  PR  data 
was  not  reproduced  using  a  single  (e,  h)  transition  (heavy  dashed  line). 
An  improved  fit  was  obtained  when  excitonic  contributions  were 
included  (dashed  line),  and  the  broadening  parameter  was  increased 
to  20  meV  (solid  line). 


concentration  for  heavily  doped  CdTerl  layers.  Gener¬ 
ally,  the  signals  increased  in  strength  with  increasing 
doping.  Interestingly,  room-temperature  PR  signals 
were  not  observed  in  undoped  bulk  CdTe  samples  and 
were  very  weak  in  the  low-doped  epilayers.  Thus,  a 
strong  room  temperature  PR  signal  may  be  a  signal  of 
impurities  in  CdTe.  Fitting  the  measured  PR  data 
with  a  single  third  derivative  Lorentzian  function 
(TDLF)  suitable  for  direct  band-to-band  transitions 
resulted  in  the  transition  energies  and  broadening 
parameters  shown  in  Fig.  3  (open  circles).  While  these 
energies  are  consistent  with  the  PL  peak  positions, 
they  again  do  not  reflect  the  accepted  bandgap  of 
CdTe. 

Figure  4  shows  the  PR  and  PL  spectra  from  a 
heavily  doped  CdTerl  epilayer  taken  at  room  tem¬ 
perature.  The  PL  spectrum  shown  in  Fig.  4a  consisted 
of  abroad  single  peak  centered  at  about  1.507  eV.  Afit 
assuming  that  the  PL  emission  is  composed  primarily 
of  (e,  h)  recombination  is  shown  by  the  dashed  line  in 
Fig.  4a.  The  fit  to  the  data  is  poor  and  a  bandgap  of 
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Fig.  5.  Correlation  of  the  E^energy  with  (a)  sample  growth  temperature, 
and  (b)  electron  mobility. 


1.493  eV  is  obtained  which  is  far  below  the  accepted 
value  of  1.513  eV  for  CdTe  at  300K.  As  discussed 
below,  the  1.493  eV  energy  also  disagrees  signifi¬ 
cantly  with  the  PR  result.  By  including  recombina¬ 
tion  bands  due  to  the  ground  (n  =  1)  and  first  excited 
state  X2  (n  =  2)  of  the  free  exciton,  the  PL  emission 
curve  was  reproduced  quite  accurately  (solid  line). 

A  TDLF  fit  to  the  PR  spectrum  in  Fig.  4b  yields  a 
transition  energy  of  1.507  eV.  Note  that  the  TDLF 
lineshape  yields  a  poor  fit  to  the  data.  Based  on  the  PL 
results  above,  the  PR  data  was  analyzed  using  a 
combination  of  band-to-band  transition  (TDLF)  and 
the  first  derivative  functional  forms  appropriate  for  a 
Gaussian  absorption  profile  (FDGF)  expected  for  ex¬ 
citonic  transitions  at  room  temperature.'^  While  not 
correct  when  excitonic  contributions  are  significant, 
as  in  quantum  well  structures  or  at  low  temperatures, 
earlier  PL  studies^  indicate  that  CdTe  at  room  tem¬ 
perature  is  in  a  regime  where  both  effects  are  compa¬ 
rable.  Both  the  ground  state  and  the  first  excited  state 
of  the  exciton  were  used.  The  values  obtained  from  the 
PL  analysis  for  the  transition  energies  (E  =  1.513  eV, 
X,  =  1.503  eV,  and  X^  =  1.5105  eV)  and  the  PL 
broadening  parameter  of  the  exciton  transitions  (F  = 
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13  meV)  were  used  as  fixed  parameters  for  this 
analysis.  The  fitting  consisted  primarily  of  determin¬ 
ing  the  relative  contribution  of  each  transition.  The 
result  of  this  fit  is  also  shown  in  Fig.  4b  and  resulted 
in  an  improvement  over  that  obtained  from  a  single 
band-to-band  transition  alone .  By  allowing  the  broad¬ 
ening  parameter  to  vary,  the  PR  data  could  be  exactly 
reproduced  with  F  =  20  meV.  In  both  cases,  the 
relative  contribution  of  the  (e,  transitions 

was  1:1:1.5.  The  remarkable  agreement  between  PL, 
which  probes  the  imaginary  part  of  the  dielectric 
function,  and  PR,  which  probes  the  real  part,  clearly 
indicates  that  excitonic  contributions  to  both  signals 
are  important  at  room  temperature. 

When  both  band-to-band  and  excitonic  transitions 
were  considered,  all  of  the  PR  spectra  could  be  accu¬ 
rately  reproduced  using  a  single  value  of  the  bandgap 
energy  regardless  of  carrier  concentration.  This  analy¬ 
sis  yielded  a  296Kbandgap  energy  of  1.514  ±  0.002  eV 
for  CdTe.  The  apparent  shift  in  the  transition  energy 
for  the  PR  and  PL  spectra  shown  in  Fig.  3  reflects  the 
var5dng  contributions  from  the  (e,  h)  and  X  transi¬ 
tions.  Excitonic  contributions  were  comparable  to  (e, 
h)  transitions  for  low  doping,  while  higher  doping 
increased  the  relative  (e,  h)  contribution. 

One  use  of  PR  is  to  determine  alloy  composition 
through  measurement  of  the  bandgap.  The  present 
analysis  indicates  that  the  near-band-edge  si^al  in 
CdTe  consists  of  at  least  two  overlapping  transitions. 
Different  surface  preparations,  crystal  quality,  or 
doping  levels  may  affect  the  relative  contribution  of 
each  transition,  resulting  in  a  shifting  of  the  transi¬ 
tion  energy  obtained  by  assuming  only  one  transition. 
Such  a  shift  was  observed  in  the  study  by  Vazquez- 
Lopez  et  al.^^  for  PR  of  CdTe.  Thus,  PR  analysis  for 
room-temperature  bandgap  determination  relying  on 
only  one  transition  has  an  inherent  uncertainty  of  as 
much  as  7  meV  in  CdTe  and  care  must  be  exercised  in 
the  use  of  such  an  analysis.  Such  an  uncertainty,  for 
example,  would  result  in  an  absolute  error  in  x  of 


about  1%  in  Cdi_^Zn^Te.^2 

The  transition  in  CdTe  was  also  measured  by  PR 
and  appeared  to  consist  of  a  single,  narrow  transition 
in  each  sample.  The  PR  spectrum  was  thus  analyzed 
in  the  conventional  fashion  for  the  E^  transition,  as  a 
third  derivative  of  a  Lorentzian  function  appropriate 
for  a  two-dimensional  transition.  The  E^  energy  for  13 
samples  was  measured  as  a  function  of  temperature. 
A  very  broad  range  of  energies,  differing  by  as  much 
as  -100  meV  was  observed  at  80K.  The  spread  in 
energies  became  less  pronounced  as  the  temperature 
was  raised;  however,  a  distinct  spread  in  the  mea¬ 
sured  E^  energies  remained  up  to  363K.  This  spread 
in  energy  was  much  larger  than  expected  from  the 
width  of  the  transition  (-40  meV)  and  did  not  appear 
to  be  the  result  of  multiple  transitions.  The  E^  energy 
does  appear  to  be  related  to  the  sample’s  characteris¬ 
tics  and  growth  history.  As  shown  in  Fig.  5a,  a  distinct 
trend  in  E^  energy  measured  at  363K  occurs  with 
growth  temperature.  The  E^  energy  depends  on  more 
than  just  the  growth  temperature.  As  shown  in  the 
figure,  a  different  growth  rate  resulted  in  a  shift  in  the 
Ej  energy  from  the  expected  value.  A  correlation  also 
apparently  exists  between  the  80K  E^  energy  and 
electron  mobility,  as  shown  in  Fig.  5b. 

It  should  be  noted  that  discrepancies  exist  for  the 
value  of  the  E^^  energy  in  the  literature  for  CdTe.  Most 
studies  have  involved  a  single  sample  and  the  varia¬ 
tion  in  the  values  of  E^  between  the  studies  is  larger 
than  expected  from  the  inherent  precision  of  the 
measurement  techniques.  This  study,  with  its  variety 
of  samples,  reproduces  most  of  the  values  reported  for 
E  j.  Indeed,  the  E^  energy  appears  to  be  unique  to  each 
sample  of  CdTe  depending  on  its  prior  history. 

SUMMARY 

Photoluminescence  measurements  made  at  liquid 
helium  temperatures  allowed  determination  of  the 
iodine  donor  ionization  energy  E^  to  be  14.5-15  meV. 
Photoreflectance  and  PL  spectra  taken  at  80K  in- 


Table  I.  Growth  Conditions,  Room  Temperature  Electron  Concentrations  and  Mobilities,  and  X-Ray 
Difh-action  (Selected  Samples  Only)  FWHM  for  the  CdTerl  Epilayers  Included  in  This  Study 

Growth 

Cd 

Thickness 

n  at  300K 

|Ll  at  300K 

X-ray 

Sample 

Temp.  (°C) 

(Torr)  X 10-’ 

(|J.m) 

(cmW'S) 

(FWHM  arc-s) 

R91-8 

230 

4.0 

3.5 

3100 

461 

100 

R91-35 

230 

0.7 

3.8 

1300 

577 

— 

R91-3 

230 

3.5 

3.4 

790 

585 

80 

R91-12 

230 

4.0 

2.0 

750 

573 

— 

R91-2 

230 

3.5 

2,8 

440 

560 

100 

R91-24 

170 

0.4 

2.0 

130 

789 

50 

R91-21 

210 

0.4 

1.9 

120 

795 

40 

R91-9 

230 

0 

2.4 

110 

767 

100 

R91-22 

250 

4.0 

2.1 

96 

732 

50 

R91-25 

190 

0.4 

2.4 

93 

789 

60 

R91-13 

230 

3.2 

1.7 

82 

629 

60 

A9307 

250 

0 

12.6 

2.3 

580 

— 

A9309 

250 

0 

12.6 

0.44 

280 

— 

Beam  equivalent  pressures  for  excess  Cd  source  included. 
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dicated  the  presence  of  both  excitonic  and  donor 
related  transitions.  At  the  higher  doping  levels,  both 
PR  and  PL  measurements  are  dominated  by  the 
donor-hole  transition  occurring  at  1.581  eV.  The  rela¬ 
tive  broadness  of  the  transition  correlated  with  car¬ 
rier  concentration.  At  300K,  the  near-edge  PL  emis¬ 
sion  peak  energy  and  PR  transition  energy  both 
exhibited  a  strong  dependence  on  electron  concentra¬ 
tion  for  doped  layers  if  only  a  single  band-to-band 
transition  is  considered  for  the  PL  and  PR  spectra 
measured.  However,  detailed  lineshape  modeling  of 
room-temperature  PL  and  PR  spectra  reveals  that  a 
strong  excitonic  component  remains,  even  though  the 
exciton  binding  energy  in  CdTe  (10  meV)  is  only  about 
1/3  of  kgT  at  room  temperature.  The  best  fit  to  the 
data  is  obtained  using  multiple  transitions  consisting 
of  the  free  exciton  (X^  and  X^)  and  a  direct  band-to- 
band  transition.  This  analysis  indicates  a  constant 
value  of  bandgap  over  the  entire  range  of  conductivi¬ 
ties  studied.  The  relative  strengths  of  the  transitions 
differ  according  to  doping  concentration  and  film 
quality.  The  emission  peak  shift  is  due  to  the  varying 
relative  strength  of  excitonic  recombination  as  com¬ 
pared  to  free  electron-hole  recombination. 

ACKNOWLEDGMENTS 

One  of  us,  THM,  would  like  to  acknowledge  the 
support  of  the  West  Virginia  University  Senate  Re¬ 
search  Grant  program.  This  work  was  partially  sup¬ 
ported  by  the  NSF/West  Virginia  EPSCoR  program. 


REFERENCES 

1.  D.  Rajavel  and  C.J.  Summers,  AppL  Phys.  Lett.  60,  2231 
(1992). 

2.  D.  Rajavel,  B.K  Wagner,  R.G.  Benz  II,  A.  Conte,  K  Maruyama, 
C.J.  Summers  and  J.D.  Benson,  J.  Vac.  Sci.  Technol.  B  10, 
1432  (1992). 

3.  N.C.  Giles,  Jaesun  Lee,  D.  Rajavel  and  C.J.  Summers,  J. 
AppL  Physics  73,  4541  (1993). 

4.  Zhonghai  Yu,  M.A.  Mattson,  T.H.  Myers,  K.A.  Harris,  R.W. 
Yanka,  L.M.  Mohnkem,  L.C.  Lew  Yan  Voon,  L.R.  Ram- 
Mohan,  R.G.  Benz  II,  B.K.  Wagner  and  C.J.  Summers,  J. 
Electron.  Mater.  24,  687  (1995). 

5.  J.M.  Francou,  K.  Saminadayar  and  J.L.  Pautrat,  Phys.  Rev. 
B  41,  12035  (1990). 

6.  N.C.  Giles,  Ph.D.  Thesis,  Physics,  North  Carolina  State 
University  (1987);  and  N.C.  Giles,  K.A.  Bowers,  R.L.  Harper, 
Jr.,  S.  Hwang  and  J.F.  Schetzina,  J.  Crystal  Growth  101,  67 
(1990). 

7.  A  recent  review  pertinent  to  confined  systems  can  be  found  by 
O.J.  Glembocki  and  B.V.  Sbanabrook,  Semiconductors  and 
Semimetals,  vol.  36  (New  York:  Academic  Press,  1992). 

8.  D.M.  Eagles,  J.  Phys.  Chem.  Solids  16,  76  (1960). 

9.  Jaesun  Lee,  N.C.  Giles,  D.  Rajavel  and  C.J.  Summers,  Phys. 
Rev.  B  49,  1668  (1994). 

10.  A  review  of  radiative  emission  lineshapes  for  common  lumi¬ 
nescence  processes  can  be  found  in  H.  Barry  Bebb  and  E.W. 
Williams,  Semiconductors  and  Semimetals,  vol.  8  (New  York: 
Academic  Press,  1972). 

11.  C.  Vasquez-Lopez,  H.  Navarro,  Raul  Aceves,  M.C.  Vargas 
and  Cornelius  A.  Menezes,  J.  Appl.  Phys.  58,  2066  (1985). 

12.  A  conservative  variation  of  Eg  with  Cd^_^Zn^Te  composition 
was  obtained  using  expressions  in:  D.  J.  Olego,  J.P.  Faurie,  S. 
Sivananthan  and  P.M.  Raccah,  Appl.  Phys.  Lett.  47,  1172 
(1985);  and  T.M.  Razykov,  Thin  Solid  Films  164, 301  (1988). 


Journal  of  Electronic  Materials,  Vol.  24,  No.  5, 1995 


Special  Issue  Paper 


A  Comparison  of  Techniques  for  Nondestructive  Composition 
Measurements  in  CdZnTe  Substrates 

S, P.  TOBIN,  J.P.  TOWER,  and  P.W.  NORTON 

Loral  Infrared  &  Imaging  Systems,  Lexington,  MA  02173 
D.  CHANDLER-HOROWITZ  and  P.M.  AMIRTHARAJ 
National  Institute  of  Standards  and  Technology,  Gaithersburg,  MD  20899 
V.C.  LOPES,  W.  M.  DUNCAN,  and  A.  J.  SYLLAIOS 
Texas  Instruments,  Dallas,  TX  75265 

C. K  ARD 

II-VI,  Inc.,  Saxonburg,  PA  16056 

N.C.  GILES  and  JAESUN  LEE 

West  Virginia  University,  Morgantown,  WV  26506 

R.  BALASUBRAMANIAN  and  A.B.  BOLLONG 

Johnson  Matthey  Electronics,  Spokane,  WA  99216 

T. W.  STEINER  and  M.L.W.  THEWALT 
Simon  Fraser  University,  Burnaby,  BC,  Canada 

D. K  BOWEN 

University  of  Warwick,  Coventry  CV4  7AL,  U.K. 

B.K.  TANNER 

University  of  Durham,  Durham  DH3  ILE,  U.K. 

We  report  an  overview  and  a  comparison  of  nondestructive  optical  techniques  for 
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samples  by  all  three  techniques.  Comparisons  of  precision  and  accuracy,  with  a 
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INTRODUCTION 

This  paper  presents  an  overview  and  comparison  of 
nondestructive  optical  techniques  for  determining 
alloy  composition  x  in  Cd^  ^^Zn^Te  substrates  for 
HgCdTe  epitaxy.  Monitoring  and  controlling  the  sub- 
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strate  alloy  composition  is  required  to  achieve  lattice 
matching  with  epitaxial  layers.  In  addition,  composi¬ 
tion  contours  reflect  the  history  of  the  melt-solid 
interface  and  thus  provide  insight  into  the  crystal 
growth  process. 

Previous  workers  have  used  a  variety  of  techniques 
to  characterize  the  alloy  composition  of  CdZnTe  boules 
and  substrates.  The  lattice  parameter  from  x-ray 
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Fig.  1 .  High-resolution  x-ray  diffractometer  used  for  lattice  parameter 
measurements.  The  diffractometer  plane  (plane  of  the  diagram) 
contains  the  x-ray  path  and  the  sample  rotation  axis.  All  crystal 
surfaces  and  Axis  2  are  normal  to  the  diffraction  plane. 

diffraction  has  been  widely  used.^-^  For  example, 
Muhlberg  et  al.^  determined  a  Zn  segregation  coeffi¬ 
cient  of  1.6  by  measuring  the  lattice  parameter  down 
the  length  of  vertical  Bridgman  crystals.  Duncan  et 
al.2  applied  the  low-temperature  photoluminescence 
(PL)  technique  to  CdZnTe  substrate  composition 
measurements.  The  position  of  the  acceptor  bound 
exciton  peak  was  correlated  to  precision  lattice  pa¬ 
rameter  measurements  of  alloy  composition.  Compo¬ 
sitions  were  calculated  using  the  Magnea  et  al.®  cali¬ 
bration  of  PL  bandgap  to  alloy  composition  measured 
by  x-ray  fluorescence.  Johnson  et  al.^  correlated  two 
nondestructive  optical  measurements,  the  room  tem¬ 
perature  transmission  edge  and  77KPL  edge,  to  x-ray 
lattice  parameters.  The  77K  photoreflectance  tech¬ 
nique  was  used  by  Kennedy  et  al.^  to  measure  alloy 
composition  by  correlating  77K  bandgap  to  lattice 
parameter  and  atomic  absorption  composition. 
Azoulay  et  al.'^  used  electron  microprobe  mapping  of 
boule  cross  sections  to  infer  melt-solid  interface  shapes 
during  growth. 

In  this  work,  we  compare  compositions  measured 
by  x-ray  diffraction,  photoluminescence,  and  photo¬ 
reflectance.  In  contrast  to  previous  work,  which  gen¬ 
erally  used  single-crystal  x-ray  diffraction  methods 
(Bond  method  or  powder  diffraction),  we  describe  a 
new  method  using  a  standard  double-crystal 
diffractometer  and  a  silicon  reference  wafer.  Our 
photoluminescence  measurements  follow  the  tech¬ 
nique  of  Duncan  et  al.  We  have  also  used  room- 
temperature  photoreflectance,  which  is  easier  to  imple¬ 
ment  than  the  previous  77K  technique,  yet  still  quite 
accurate. 

EXPERIMENTAL 
Sample  Description 

All  samples  were  cut  from  single-crystal  regions  of 

^Certain  commercial  equipment,  instruments,  or  materials 
are  identified  in  this  paper  in  order  to  specify  adequately 
the  experimental  procedures.  Such  identification  does  not 
imply  recommendation  or  endorsement  by  the  National 
Institute  of  Standards  and  Technology,  nor  does  it  imply 
that  the  materials  or  equipment  identified  are  necessarily 
the  best  available  for  the  purpose. 


boules  with  nominal  composition  CdQggZnQQ^Te. 
Samples  were  obtained  from  five  unseeded  crystals 
produced  by  each  of  three  different  laboratories.  Ver¬ 
tical  Bridgman  crystals  were  grown  at  Johnson 
Matthey  and  II-VI,  Inc.,  while  horizontal  Bridgman 
crystals  were  grown  at  Texas  Instruments.  All  start¬ 
ing  materials  were  six  9s  pure  or  better.  Etch  pit 
densities  varied  from  (0. 5-3.0)  x  10^  cm"^.  Most  of  the 
samples  were  2  cm  x  2  cm  x  1  mm  in  size.  Sample 
surfaces  were  prepared  by  different  methods  including 
mechanical  polishing,  hydroplane  polishing,  and  dia¬ 
mond  point  turning.  All  wafers  were  oriented  (111) 
and  measurements  were  made  on  the  Te  face. 

Lattice  Parameter  Measurements 

The  new  x-ray  technique  for  lattice  parameter  mea¬ 
surements  uses  a  standard  high-resolution 
diffractometer  and  a  single  crystal  silicon  reference 
wafer  to  determine  the  absolute  Bragg  angle  of  the 
CdZnTe  substrate.®’®  In  this  technique,  a  sample  rota¬ 
tion  stage  is  used  to  eliminate  the  effects  of  sample 
misorientation  on  Bragg  angle  determination.  Mea¬ 
surements  were  made  at  Loral  on  a  Bede  Model  200 
diffractometer,*  equipped  with  a  Si  (022)  channel-cut 
collimator  (CCC),  a  Si  (111)  monochromator  crystal 
on  the  first  axis,  and  a  100  mm  XY  sample  translation 
stage  incorporating  360  degree  rotation  about  the 
specimen  surface  nonnal.  The  apparatus  is  shown  in 
Fig.  1.  The  CCC  and  monochromator  were  set  to  the 
maximum  of  the  CuKa^  Bragg  peak.  The  x-ray  beam 
size  was  2.0  x  0.5  mm.  Details  of  the  measurements 
can  be  found  in  Ref.  9;  an  abbreviated  method  follows: 

1.  A  Si  (100)  reference  wafer  and  CdZnTe  (111)  test 
sample  were  mounted  side  by  side  on  the  trans¬ 
lation  stage. 

2.  The  Si  reference  wafer  was  scanned  on  Axis  2  to 
locate  the  004  Bragg  peak. 

3.  The  specimen  rotation  technique^®  was  used  to 
position  the  diffracting  vector  of  the  Si  reference 
in  the  diffractometer  plane;  the  Axis  2  position  of 
the  diffraction  peak  was  then  measured. 

4.  The  specimen  holder  was  rotated  180  degrees 
about  an  axis  normal  to  its  surface  (parallel  to 
the  diffractometer  plane);  the  Axis  2  position  of 
the  diffraction  peak  was  again  measured. 

5.  The  mean  of  the  two  Si  peak  positions  (0^)  was 
calculated. 

6.  Using  the  XY  translation  stage,  the  CdZnTe 
specimen  crystal  was  moved  into  the  beam. 

7.  Steps  2-5  were  repeated  with  the  CdZnTe  spec¬ 
imen  replacing  the  Si  reference;  a  333  reflection 
was  used. 

8.  The  mean  of  the  two  CdZnTe  peak  positions  (82) 
was  calculated. 

The  two  mean  values  correspond  to  the  real  Bragg 
angles  plus  an  undetermined,  but  identical,  dif¬ 
fractometer  offset  angle  (standard  high-resolution  dif¬ 
fractometers  measure  relative,  not  absolute  angles). 
Substitution  of  these  two  values  into  the  Bragg  equation 

^  =  2d  .sin0  .=  2d  sin  0  (1) 

'^spec  spec  ^ 
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gives  the  lattice  spacing  of  the  specimen,  d^p^^.  We 
assumed  a  value  of  5.431020A  for  the  lattice  param- 
eter  of  Si,  d^^^  and  1.540562A  for  the  CuKa^  wave¬ 
length  (used  only  to  calculate  0^^^)  The  difference  0^  - 
0ref  gives  the  diffractometer  offset  angle,  which  when 
subtracted  from  02  jdelds  A  small  correction  must 
then  be  made  for  the  effect  of  refraction,  with  the 
measured  Bragg  peaks  being  displaced  from  the  kine- 
matical  Bragg  positions  given  by  Eq.  (1).  This  reduces 

by  3.2  arc-s.  Once  d,„^,  is  known,  the 
Cd^  j^Zn^Te  alloy  composition  x  is  then  determined  by 
a  linear  interpolation  between  the  lattice  parameters 
of  CdTe  (6.48 12A)  and  ZnTe^^  (6. 1026A).  We  note  that 
an  X  value  of 0.000  ±  0.001  was  measured  for  a  sample 
of  pure  CdTe  by  this  technique.  Our  measured  lattice 
parameter  of  6.4812  ±  0.0004A  is  in  very  good  agree¬ 
ment  with  the  most  widely  accepted  value  of 6.4809  ± 
O.OOOSA  due  to  Williams  et  al.^^  We  have  used  our 
value  to  calculate  the  Zn  fraction,  but  the  difference  is 
within  the  error  of  0.1%  in  Zn  concentration  de¬ 
termined  by  the  rotary  stage. 

Photoreflectance 

Photoreflectance^^  (PR)  is  a  contactless  and  nonde¬ 
structive  type  of  electric  field  modulation  spectros¬ 
copy.  The  modulation  of  the  optical  constants  (or 
reflectivity,  R)  is  caused  by  the  induced  photovoltage 
and  resultant  variation  in  the  built-in  field  in  the 
surface  region  of  a  semiconductor  produced  by  an 
intense  laser  pump  beam.  The  PR  spectrum  is  ob¬ 
tained  by  using  a  weak  probe  beam.  The  modulation 
AR  in  R  of  the  probe  beam  is  small  (<10^  R)  but  can 
easily  be  observed  using  phase-locked  amplification. 
Measurements  of  AR/R  with  photon  energy  yield 
sharp  derivative-like  spectral  features  that  result  in 
precise  and  accurate  determinations  of  the  photon 
energies  associated  with  interband  transitions.  The 
oscillatory  line  shapes  are  well  understood  and  are 
described  by  the  following  equation;!^ 

AR/R  =  Re(A  e'®  [E  -  -  iP]")  (2) 

where  E^  denotes  the  transition  energy  and  T  the 
phenomenological  broadening;  A  and  0  are  the  inten¬ 
sity  and  the  phase  factors,  and  n  was  fixed  at  1/2,  the 
appropriate  value  for  transitions  across  the  direct  gap 
in  a  zinc-blende  semiconductor.  The  measured  line 
shapes  were  fit  using  a  nonlinear  regression  proce¬ 
dure  to  extract  accurate  values  of  the  transition  (band 
gap)  energy. 


Photoreflectance  measurements  were  performed  at 
the  National  Institute  of  Standards  and  Technology 
with  a  standard  PR  setup^^  consisting  of  an  Ar+  488 
nm  line  laser  as  the  pump,  a  quartz-halogen  bulb  and 
double  grating  spectrometer  as  the  probe  source,  and 
a  silicon  detector.  Samples  were  measured  at  room 
temperature.  The  incident  beam  had  a  spot  size  on  the 
sample  of  about  2-3  mm.  Spectral  scans  were  from 
770-850  nm  with  increments  of  0.5  nm  for  samples 
with  X  about  0.05.  The  variation  in  the  direct  gap  with 
X  was  easily  observed.  Typical  data  for  two  samples 
are  shown  in  Fig.  2,  where  a  difference  in  x  of  0.007 
resulted  in  a  shift  in  photon  energy  of 0.0040  eV.  The 
precision  of  the  measurement  is  about  ten  times 
better  than  this  shift. 

Photoluminescence 

Liquid  helium  PL  measurements  were  made  at 
Texas  Instruments  (TI),  West  Virginia  University 
(WVU),  and  Simon  Fraser  University  (SFU).  Rel¬ 
evant  features  of  the  different  experimental  setups 
are  summarized  in  Table  1. 

Figure  3  shows  the  near-band-edge  liquid  helium 
photoluminescence  spectrum  of  a  high-quality  CdZnTe 
substrate  measured  at  WVU.  Similar  spectra  were 


Energy  (eV) 

Fig.  2.  Room  temperature  PR  spectra  of  two  Cd^_^Zn  Je  substrates. 


Table  !•  Summary  of  Photoluminescence  Instruments  Used  in  This  Study 


Laboratory 

TI 

WVU 

SFU 

Excitation  Source 

Ar,  515  nm 

Ar,  515  nm 

Ar,  515  nm 

Excitation  Power 

0.2  W/cm\  6  mW 

0.3  W/cm2,  0.4  mW 

1  W/cm2,  20  mW 

Spectrometer 

Interferometer 

0.64  m  Monochrom. 

Interferometer 

Detector 

77  K  Ge  pin 

Photomultiplier 

Si  APD 

Max.  sample  size 

1  cm^ 

3.8  cm  dia 

5  cm  dia 
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Fig.  3.  Near  band  edge  photoluminescence  spectrum  of  a  CdZnTe 
substrate.  Note  the  logarithmic  luminescence  intensity  scale. 


CdZnTe  PIE  Spectra 


Fig.  4.  RLE  spectra  from  two  CdZnTe  samples  with  different  compo¬ 
sitions  from  the  same  vertical  Bridgman  boule.  Head  and  tail  refer  to 
the  first  and  last  to  freeze  portions  of  the  boule. _ 

measured  at  the  other  lahoratories.  The  dominant 
peak  is  the  acceptor  bound  exciton  (A®,X)  at  1.6099  eV ; 
this  peak  is  assumed  to  be  16  meV  below  E^.  The  donor 
bound  exciton  (D°,X),  a  narrower  but  weaker  peak, 
appears  at  1.6142  eV.  The  transverse  and  longitudi¬ 
nal  free  exciton  peaks  (Xp  and  Xj^,  1.6163  and  1.6174 


eV)  and  the  first  phonon  replica  of  the  free  exciton  (X- 
ILO,  1.596  eV)  are  also  indicated.  The  mean  free 
exciton  energy  is  taken  as  10  meV  below  E^.  Other 
peaks  in  the  spectrum  were  not  used  for  composition 
determination  and  are  not  discussed  here. 

At  TI,  the  alloy  composition  x  was  determined  from 
the  low-temperature  PL  spectrum  using  the  proce¬ 
dure  of  Duncan  et  al.^  In  this  procedure,  the  band  gap 
is  determined  by  a  16  meV  offset  from  the  position  of 
the  acceptor  bound  exciton  peak,  usually  the  stron¬ 
gest  near-bandgap  peak.  The  composition  is  then 
determined  using  the  Magnea  et  al.  expression  relat¬ 
ing  PL  bandgap  to  composition.®  Estimated  precision 
in  low-temperature  PL  data  is  0.0002  in  x,  limited  by 
spectrometer  energy  resolution.^  Absolute  accuracy  is 
limited  by  composition  calibration  to  about  0.002.^  At 
WVU,  the  energy  gap  was  determined  by  a  10  meV 
shift  from  the  free  exciton  energy.  The  exciton  energy 
was  observed  directly  on  the  highest  quality  samples 
and  inferred  from  the  position  of  the  LO  phonon 
replica  (21  meV  shift)  in  less  perfect  samples.  This 
method  was  expected  to  be  somewhat  more  accurate 
than  the  acceptor  bound  exciton  energy,  which  could 
depend  on  the  identity  of  the  unintentional  and  un¬ 
known  acceptor  species.  The  Magnea  et  al.  expression 
was  again  used  to  determine  composition. 

At  SFU,  the  CdZnTe  PL  spectrum  was  directly 
compared  to  that  of  a  high-purity  CdTe  reference 
sample.  The  difference  in  energy  of  the  donor  bound 
exciton  peaks  was  used  to  measure  the  energy  gap 
difference.  The  advantage  of  the  donor  over  the  accep¬ 
tor  bound  exciton  peak  is  that  it  is  narrower,  allowing 
more  accurate  energy  determination,  and  varies  less 
in  energy  with  different  dopant  atoms.  For  samples 
with  no  measurable  (D®,X)  peak,  the  difference  in 
(A®,X)  peaks  was  used.  For  comparison  with  measure¬ 
ments  made  by  the  other  groups,  the  Duncan  method 
was  used.  The  precision  of  the  SFU  composition 
measurement  is  estimated  to  be  0.0001  in  x,  limited 
by  the  accuracy  in  peak  position  determination  (60 
peV)  due  to  alloy  broadening  of  the  donor  bound 
exciton  peak.  The  instrument  resolution  is  a  factor  of 
50  better. 

In  addition  to  single-point  composition  mea¬ 
surements,  composition  images  were  also  produced  at 
SFU.  The  SFU  technique  made  use  of  photo¬ 
luminescence  excitation  (PLE)  spectroscopy.^^  In  a 
PLE  spectrum,  the  intensity  of  the  donor-acceptor 
pair  (DAP)  luminescence  is  plotted  as  a  function  of 
tunable  laser  excitation  energy.  There  is  a  sharp 
minimum  in  this  spectrum  at  an  energy  slightly 
below  the  band  gap  due  to  polariton  absorption  (Fig. 
4).  Figure  5  shows  the  method  used  to  obtain  a  PLE 
image.  A  CCD  camera  images  the  back-side  DAP 
photoluminescence  of  the  waferfully  front-side-illumi- 
nated  by  a  tunable  Ti-sapphire  laser.  A  holographic 
filter  rejects  the  near-band-edge  exciton  lumines¬ 
cence  and  the  probe  beam.  Being  deeper  in  the  band 
gap,  the  DAP  luminescence  passes  through  the  sub¬ 
strate  and  filter.  Successive  images  are  recorded  as 
the  laser  is  scanned  in  energy  (t3q)ically  70  steps), 
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giving  a  PLE  spectrum  at  each  pixel.  The  energy  of  the 
minimum,  obtained  by  a  parabolic  fit  to  the  spectrum, 
is  then  converted  to  a  band  gap  and  composition  at 
each  pixel.  Scanning  of  the  wafer  is  not  required,  and 
the  entire  wafer  can  be  imaged  in  approximately  20 
min.  The  advantage  of  PLE  spectroscopy  over  PL 
band  gap  measurements  is  that  the  spectral  position 
of  the  minimum  in  the  PLE  spectrum  is  an  intrinsic 
property  of  the  crystal  and  is  dependent  only  on  the 
band  gap  and  temperature.  Its  position  does  not 
depend  on  the  type  and  concentration  of  the  impuri¬ 
ties.  Also,  the  position  of  the  PL  intensity  dip  is 
independent  of  the  overall  intensity  at  that  pixel.  It  is 
not  necessary  to  normalize  the  PL  intensity  or  main¬ 
tain  uniform  illumination  across  the  entire  wafer. 
Wafers  up  to  10  cm  in  diameter  can  be  imaged  in  a 
special  optical  cryostat  with  relatively  rapid  (15  min) 
sample  exchange.  A  closed  cycle  refrigerator  main¬ 
tains  the  samples  at  less  than  20K.  The  precision  of 
the  measurements  reported  here  is  estimated  to  be 
0.0002  in  X,  limited  by  the  wavelength  step  interval  of 
the  tunable  laser  and  the  signal  to  noise  ratio. 

RESULTS 

Lattice  Parameter  Measurements 

A  typical  data  set  for  the  four  rocking  curves  of  a 


Fig.  5.  PLE  apparatus  used  for  full-wafer  composition  imaging. 


CdZnTe  substrate  lattice  parameter  measurement  is 
shown  in  Table  11.  Typical  rocking  curve  full  width  at 
half  maximum  (FWHM)  values  were  13  arc-s  for  Si 
(equipment  limited)  and  15-30  arc-s  for  CdZnTe. 

The  data  give  9  -  =  3.70883  degrees  when  3.2 

arc-s  is  subtracted  to  allow  for  the  effect  of  the  differ¬ 
ent  refractive  indices  of  Si  and  CdZnTe.  Thus,  the 
specimen  Bragg  angle  =  38.27236  degrees  and  we 
find  dg  =  1.24359A,  giving  a  lattice  parameter  of 
6.46189A  and  y  =  0.052. 

Lattice  parameter  measurements  for  several 
CdZnTe  substrates  with  different  compositions  are 
given  in  Table  III. 

Photoreflectance  Results 


Room  temperature  bandgap  energies  were  mea- 


0.00  0.02  0.04  0.06  0.08  0.10 


X  (ZnTe  Mole  Fraction) 

Fig.  6.  Calibration  curve  for  CdZnTe  composition  measurements  by 
room  temperature  photoreflectance. 


Table  II,  X-ray  Data  from  a  Representative  CdZnTe 
Substrate  Lattice  Parameter  Measurement 


Si  CdZnTe 


0° 

180° 

0° 

180° 

Units 

Rotation 

70 

250 

266.5 

86.5 

deg 

Axis  2 

-80 

1916 

15166 

13380 

sec 

Mean  0 

918 

14273 

sec 

Table  III.  Comparison  of  CdZnTe  Composition  x  Measured  by  Different  Techniques 
Using  Existing  PR  and  PL  Calibrations  from  the  Literature 


Sample 

Lattice 

Param. 

(A) 

PR  Eg 
300  K 

(eV) 

PL  Eg^ 

4.8  K 

(eV) 

PL  Eg* 

4.2  K 

(eV) 

Lattice 

X 

PR 

PL^ 

PL* 

A 

6.4647 

1,5331 

1.6302 

1.6295, 

1.6306 

0.044 

0.046 

0.049 

0.047, 

0.049 

B 

6.4633 

1.5347 

1.6304 

1.6343 

0,048 

0.049 

0.049 

0.056 

C 

6.4618 

1,5371 

1.6342 

1.6320, 

1.6306 

0.052 

0,053 

0.056 

0.049, 

0.052 

^Measured  at  WVU.*Measured  at  TI  on  adjacent  areas  from  the  same  slices. 
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Composition,  x 
(Free  exciton) 

Fig.  7.  Comparison  of  compositions  determined  by  acceptor  bound 
exciton  and  free  exciton  energy  in  low-temperature  PL  spectra. 


X  at  SFU 

Fig.  8.  Results  of  inter-laboratory  comparison  of  composition  mea¬ 
surements  by  low  temperature  PL. 

sured  for  the  same  set  of  samples  used  for  lattice 
parameter  measurements.  Care  was  taken  to  avoid 
spatial  nonuniformities  by  making  both  types  of  mea¬ 
surements  at  the  centers  of  the  polished  2  x  2  cm 
samples.  The  results  are  listed  in  Table  III.  Photo¬ 
reflectance  compositions  in  Table  III  were  deter¬ 
mined  from  a  previous  correlation  of  7 7K  PR  bandgap 
and  composition  (measured  by  lattice  parameter  and 
atomic  absorption),^  with  the  band  gap  shifted  down 
by  75  meV  from  77  to  300K.  The  agreement  between 
independent  composition  measurements  by  lattice 
parameter  and  PR  is  very  good,  within  0.002  in  x.  A 
new  room  temperature  PR  calibration  curve  based  on 
the  lattice  parameter  composition  measurements  of 
this  study  was  constructed,  as  shown  in  Fig.  6.  Using 


ZnTe  COMPOSITION  (%) 

Fig.  9.  Relationship  between  PL  energy  gap'and  composition  deter¬ 
mined  by  lattice  parameter  measurements. 

this  curve,  composition  may  be  measured  to  within 
0.001  by  room-temperature  photoreflectance. 

Photoluminescence  Results 

The  results  of  alloy  composition  determination  by 
the  free  exciton  method  were  in  good  agreement  with 
the  bound  exciton  method,  as  shown  in  Fig.  7.  For  a  set 
of  69  samples,  the  largest  discrepancy  in  x  was  0.0028, 
with  an  average  difference  of  0.00063  and  a  standard 
deviation  of  0.0011.  For  comparison,  a  range  in  calcu¬ 
lated  X  of  0.001  is  expected  based  on  the  range  of 
reported  acceptor  energies  for  different  acceptors  (0.6 
meV). 

A  round-robin  experiment  was  conducted  in  which 
the  same  set  of  samples  was  measured  at  WVU  and 
SFU.  (Due  to  experimental  sample  size  limitations, 
measurements  at  TI  were  made  on  a  closely  related 
set  of  samples.)  The  results  are  summarized  in  Fig.  8. 
For  a  set  of  15  samples,  the  compositions  agreed 
within  0.005  in  x,  with  the  average  discrepancy  being 
0.0024.  The  offset  in  x  between  the  two  laboratories 
corresponds  to  about  1  meV  in  PL  peak  position. 
These  differences  cannot  be  explained  entirely  by 
composition  variations  within  samples,  which  aver¬ 
aged  0.0008  in  X  for  three-point  measurements  spaced 
5  mm  apart.  The  reason  for  the  small  discrepancy  is 
still  being  investigated. 

Table  III  compares  compositions  measured  by  PL  to 
those  measured  by  lattice  parameter  and  PR  on  the 
same  samples.  The  method  of  Ref  2  was  used  to 
determine  x  in  the  table.  It  should  be  noted  that  PL 
measurements  at  TI  were  not  made  on  the  same 
samples  as  the  others,  but  rather  on  nearby  areas 
from  the  same  slices  from  the  boules.  Because  of  Zn 
segregation  effects  in  the  ingots,  some  variation  of 
composition  is  expected  between  different  areas.  It 
can  be  seen  in  Table  III  that  the  PL  results  are  slightly 
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higher,  by  0,003  on  average,  than  the  lattice  param¬ 
eter  compositions. 

Figure  9  shows  the  relationship  between  PL  energy 
gaps  determined  from  the  acceptor  bound  exciton 
peak  and  compositions  measured  by  lattice  param¬ 
eters  on  the  same  samples.  Photoluminescence 
measurements  from  two  different  laboratories  are 
shown;  they  are  in  relatively  good  agreement.  Alinear 
least-squares  fit  is  shown  through  all  of  our  data.  The 
energy  gaps  are  slightly  higher  than  those  predicted 
by  the  Magnea  expression,  in  agreement  with  the 
earlier  data  of  Duncan,  also  shown  in  the  figure.  For 
a  given  PL  bandgap,  the  Magnea  expression  gives  an 
X  value  approximately  0.004  higher  than  our  results. 
Also  shown  in  the  figure  is  the  expression  of  Olego  et 
al.^^  translated  to  a  4.2K  temperature.  Our  data  fall 
below  this  curve,  although  generally  within  the  re¬ 
ported  error  of  ±5.5  meV  in  E^. 

Table  IV  compares  compositions  measured  by  the 
three  methods  using  the  new  PR  and  PL  calibration 
curves  from  this  work.  For  measurements  on  the 
same  samples,  the  agreement  in  x  is  within  0.001  for 
two  of  the  samples  and  0.003  for  the  third.  This  is  an 
improvement  over  the  results  from  Table  III,  using 
previous  calibration  curves  from  the  literature,  where 
the  differences  were  up  to  0.005. 

Application  to  Composition  Mapping 

Because  the  segregation  coefficient  of  Zn  in  CdZnTe 
is  greater  than  one,  the  Zn  content  of  the  crystal 
decreases  as  solidification  proceeds.  This  fact  can  be 
used  to  map  the  solidification  front  by  mapping  con¬ 
tours  of  Zn  content  in  the  crystal.  Valuable  informa¬ 
tion  on  the  growth  process  has  been  obtained  in  this 


way. 

Figure  10  shows  a  Zn  composition  contour  map  of  a 
cross  section  of  a  vertical  Bridgman  crystal  cut  paral¬ 
lel  to  the  growth  axis.  This  map  was  generated  at  SFU 
by  PLE  imaging.  The  composition  decreases  in  the 
growth  direction  by  0.008  over  a  distance  of  7.5  cm. 
The  fact  that  the  concentration  contours  are  not 
symmetrical  relative  to  the  growth  axis  may  indicate 
some  temperature  asymmetry  in  the  furnace. 

Figure  11  shows  another  composition  map  at  the 
first-to-freeze  end  of  a  vertical  Bridgman  ingot.  It 
indicates  a  complex  nucleation  process  initiated  at 
the  bottom  left.  Similar  measurements  have  also  been 
made  for  crystals  grown  by  the  horizontal  Bridgman 
process,  with  some  surprising  results.^® 

DISCUSSION 
Comparison  of  Methods 

All  three  methods  (x-ray  lattice  parameter, 

Table  IV.  Comparison  of  CdZnTe  Composition 
X  Measured  by  Different  Techniques  with 
New  PR  and  PL  Calibrations 


X 


Sample 

Lattice 

PR 

PL" 

PL* 

A 

0.044 

0.045 

0.044 

0.043, 

0,045 

B 

0.048 

0.047 

0.045 

0.052 

C 

0.052 

0.051 

0.052 

0.048, 

0.045 

'"Measured  at  WVU.  ^Measured  at  TI  on  adjacent  areas  from  the 
same  slices. 


Fig.  10.  Composition  image  of  an  axial  slice  through  a  vertical  Bridgman  ingot.  The  slice  is  7.5  cm  in  its  largest  dimension.  The  total  composition 
difference  across  the  slice  in  the  growth  direction  (right  to  left)  is  0.008. 
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Fig.  1 1 .  Composition  image  of  an  axial  slice  through  the  first-to-freeze  end  of  a  vertical  Bridgman  ingot.  The  growth  direction  was  bottom  to  top. 
Asymmetric  nucleation  of  the  crystal  is  evident.  _ 


RLE  Composition  Map 


photoreflectance,  low-temperature  photolumines¬ 
cence)  are  capable  of  accurate  measurement  of  alloy 
compositions  with  accuracies  in  the  ±0.001  range. 
They  are  all  near-surface  measurements,  with  sam¬ 
pling  depths  ranging  from  submicrometer  with  PR  to 
about  one  micrometer  for  PL  and  a  few  micrometers 
for  x-ray  diffraction.  Etching  studies  using  PL  have 
shown  that  luminescence  intensity  can  be  strongly 
affected  by  surface  preparation.  Residual  lattice  dam¬ 
age  from  mechanical  polishing  or  diamond  point  turn¬ 
ing  gives  rise  to  deep  levels  and  reduces  the  intensity 
of  exciton  peaks  used  to  determine  composition.  How¬ 
ever,  the  peak  energies  are  not  affected.  Residual 
surface  damage  also  broadens  the  x-ray  rocking  curves 
used  for  lattice  parameter  measurements,  introduc¬ 
ing  some  additional  uncertainty  in  peak  positions. 
Insofar  as  damage  affects  the  band  structure,  it  is  also 
expected  to  degrade  the  results  of  PR  measurements. 
Consequently,  to  obtain  the  highest  accuracy  with 
these  techniques,  a  damage-free  surface  preparation 
method  is  required.  For  our  samples,  a  free  etch  in  2% 
Br  in  methanol  to  a  depth  of  about  five  micrometers 
was  found  to  provide  such  a  surface. 

Comparing  methods,  the  lattice  parameter  mea¬ 
surement  has  the  advantages  of  being  the  most  direct 
measurement  of  alloy  composition  and  of  being  per¬ 
formed  at  room  temperature  with  widely  available 
equipment.  It  is  somewhat  time  consuming  because 
four  rocking  curve  measurements  and  multiple  sample 
rotations  are  required.  This  limits  its  usefulness  in 
composition  mapping.  It  is  restricted  to  single-crystal 
materials  of  known  orientation  with  sharp  rocking 
curves.  This  should  not  be  a  significant  limitation 
with  state-of-the-art  substrates.  However,  we  did 
encounter  anomalous  results  with  some  samples  when 


x-ray  measurements  were  made  across  sub-grain 
boundaries. 

Photorefiectance  is  an  attractive  technique  for  wa¬ 
fer  screening  purposes  because  it  is  performed  at 
room  temperature  and  is  relatively  rapid  (a  few  min¬ 
utes  per  sample).  Point-by-point  mapping  is  possible. 
Spatial  resolution  is  about  1  mm  at  present,  but  this 
could  be  reduced  with  lenses.  There  is  an  excellent 
correlation  to  lattice  parameter  measurements. 

Low-temperature  photoluminescence  has  the  ad¬ 
vantage  of  providing  accurate  composition  measure¬ 
ments  as  well  as  information  on  defects  and  impuri¬ 
ties.  Peak  identification  at  4.2K  is  relatively  straight¬ 
forward,  at  least  for  the  excitonic  lines  used  for  com¬ 
position  measurements.  The  precision  of  composition 
measurements  can  be  significantly  better  than  with 
the  other  techniques.  Spatial  resolution  can  be  excel¬ 
lent;  PL  can  be  used  to  provide  detailed  maps  of 
composition  and  defects  at  scales  down  to  a  few 
micrometers.  The  experimental  inconvenience  asso¬ 
ciated  with  liquid  helium  measurements  can  be 
avoided  with  special  equipment  employing  closed- 
cycle  He  refrigerators,  such  as  the  PLE  dewar  used  in 
this  work.  We  note  that  previous  work  has  shown  that 
photoluminescence  measurements  at  room  tempera¬ 
ture,  while  possible,  have  poorer  composition  resolu- 
tion^  and  can  suffer  from  very  low  luminescence 
intensity.  Although  not  explored  in  this  study,  77K 
PL  measurements  represent  a  reasonable  compro¬ 
mise  with  good  reported  composition  accuracy  of 
±0.0019  and  amenability  to  large-area  mapping.^ 

The  round-robin  comparison  of  PL  composition 
measurements  revealed  an  offset  of  about  0.002  in  x, 
corresponding  to  a  peak  shift  of  1  meV,  between  two 
laboratories.  Although  small,  this  difference  is  sig- 
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nificantly  larger  than  the  precision  of  the  measure¬ 
ments.  The  reason  for  the  discrepancy  is  still  under 
investigation. 

The  photoluminescence  excitation  imaging  tech¬ 
nique  is  the  best  available  method  for  rapidly  obtain¬ 
ing  composition  images.  It  has  a  precision  comparable 
to  photoluminescence  and  should  be  insensitive  to 
impurity  effects. 

CONCLUSIONS 

We  have  identified  three  nondestructive  optical 
techniques  (x-ray  lattice  parameter,  room-tem¬ 
perature  photoreflectance,  and  low-temperature 
photoluminescence)  capable  of  high  accuracy  (±  0.001 
in  x)  composition  measurements  in  Cd^  ^Zn^Te  sub¬ 
strates.  This  is  the  first  time  that  two  of  the  tech¬ 
niques,  lattice  parameter  using  a  standard  high- 
resolution  diffractometer  and  room-temperature 
photoreflectance,  have  been  used  for  this  purpose. 
There  is  a  very  good  correlation  between  lattice  pa¬ 
rameter  measurements  and  optical  bandgap  mea¬ 
surements  by  PR  and  PL.  For  room  temperature 
photoreflectance,  we  have  determined  the  relation¬ 
ship 

Eg  =  1.5045  +  0.631  x  0.128  x^  (3) 

valid  for  x  ^  0.05  and  the  CdTe  and  ZnTe  endpoints. 
For  4.2K  photoluminescence,  we  have  detennined  the 
relationship 

Eg  =  1.6058  +  0.546  x  (4) 

valid  from  x  =  0.03  to  x  =  0.06. 

A  round-robin  comparison  of  PL  composition  mea¬ 
surements  at  different  laboratories  has  shown  rela¬ 
tively  good  agreement,  with  an  average  difference  of 
0.002  in  X  (1  meV  in  peak  position). 

A  new  direct  imaging  technique  using  photo¬ 
luminescence  excitation  has  been  developed  for  com¬ 
position  imaging.  It  provides  rapid  composition 
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uniformnity  measurements  of  substrates.  Composi¬ 
tion  maps  of  CdZnTe  boule  cross  sections  have  given 
new  insights  into  the  crystallization  processes  of 
horizontal  and  vertical  Bridgman  crystals. 
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Infrared  photoluminescence  (PL)  measurements  were  performed  on  (2 ID- 
oriented  superlattices  with  energy  gaps  in  the  range  110-495  meV.  Most  of  the 
samples  with  thinner  HgTe  quantum  wells  displayed  two  PL  peaks  separated  by 
Ahco  s  30-65  meV  (which  generally  increased  with  decreasing  well  thickness). 
Both  peak  energies  (E^)  sometimes  varied  gradually  with  location  on  the  surface, 
and  in  one  case  three  peaks  of  approximately  equal  spacing  were  observed  in 
some  locations.  The  data  are  consistent  with  a  model  which  assumes  the 
presence  of  randomly  distributed  islands  having  well  thicknesses  varying  by 
approximately  one  monolayer.  We  find  that  Ahco  and  the  variations  of  the  spectra 
with  temperature  agree  well  with  calculations  based  on  this  simple  model. 

Key  words:  HgTe-CdTe  superlattices,  photoluminescence,  molecular  beam 
epitaxy  (MBE),  quantum  wells 


INTRODUCTION 

This  paper  reports  a  comprehensive  experimental 
and  theoretical  investigation  of  infrared  pho- 
tolumiscence  (IRPL)  in  HgTe-CdTe  superlattices.  By 
correlating  results  for  a  large  number  of  samples  with 
a  broad  range  of  layer  thicknesses  and  energy  gaps, 
we  are  able  to  probe  the  fundamental  nature  of  the 
IRPL  peaks  due  to  monolayer  fluctuations  of  the 
quantum  well  thickness.  These  are  indicative  of  ex¬ 
ceptional  growth  quality,  since  they  imply  the  exist¬ 
ence  of  large  lateral  islands  over  which  the  average 
layer  thickness  is  smooth  to  within  one  monolayer 
(ML).  In  only  two  previous  studies  of  HgTeCdTe  and 
Hgj  ^Cd^Te-CdTe,  superlattices  with  multiple  peaks 
have  been  reported  near  the  band  edge,^’^  both 

cases  the  energy  splittings  were  far  too  large  to  be 
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associated  with  ML  fiuctuations  (they  agreed  with 
calculated  energy  differences  between  the  heavy  and 
light  valence  bands).  While  an  earlier  report  of  PL 
data  from  one  of  the  present  samples  attributed  the 
second  peak  to  bound-exciton  transitions,^  we  now 
believe  that  interpretation  to  be  incorrect.  Monte 
Carlo  (MC)  simulations  are  found  to  be  consistent 
with  this  interpretation  of  the  IRPL  data. 

EXPERIMENTAL 

The  HgTe-HgCdTe  superlattices  were  deposited 
directly  onto  [211]B  CdTe  substrates  by  photon-as¬ 
sisted  molecular  beam  epitaxy  (PAMBE).^  The  sub¬ 
strate  temperature  was  maintained  at  170'^C  during 
growth.  The  Hg^  ^Cd^Te  barrier  compositions  x  were 
=  0.9  due  to  a  continuous  Hg  overpressure  during 
growth.  Well  and  barrier  thicknesses  (d^  and  dg)  for 
the  superlattices,  were  determined  from  a  correlation 
of  the  growth  rate,  the  total  thickness,  and  compari¬ 
son  of  the  PL  energy  gap  to  theory.^  Transmission 
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Table  I.  Well  and  Barrier  Thickness, 
PL  Peak  Energy,  FWHM, 
and  Double-Peak  Energy 
Separation  for  17  [211] -Oriented 
HgTe-Hg^  j^jCdo  g^Te  Superlattices 


Growth 

No. 

dw 

(A) 

4 

(A) 

(T?K) 

(meV) 

FWHM 

(77K) 

(meV) 

AE 

(meV) 

617 

36 

51 

159 

16 

_ 

619 

42 

50 

110 

28 

— 

632 

36 

39 

133 

25 

14 

637 

14 

65 

495 

26 

60 

650 

40 

42 

122 

45 

— 

741 

22 

60 

325 

27 

37 

749 

34 

32 

145 

37 

— 

751 

35 

50 

161 

17 

— 

764 

37 

33 

117 

21 

— 

788 

19 

24 

320 

19 

55 

790 

35 

30 

127 

37 

— 

832 

16 

35 

429 

19 

50 

833 

15 

41 

470 

45 

— 

840 

24 

41 

275 

40 

— 

862 

22 

25 

262 

28 

31 

866 

34 

36 

150 

38 

— 
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33 

53 

188 

30 
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Fig.  1 .  Experimental  PL  spectra  showing  the  double  peak  for  SL-862 
at  77K  (two  pump  powers)  and  145K. 

electron  microscopy  cross-sectional  measurements 
were  performed  at  Purdue  University  on  several  of 
the  superlattices  studied  which  confirmed  the  well 
and  barrier  thickness  measurments. 

Infrared  PL  measurements  were  carried  out  at 
Martin  Marietta  using  an  apparatus  described  previ¬ 
ously.  Detailed  theoretical  modeling  of  the  PL  line 
shapes  was  carried  out  at  Naval  Research  Laboratory 
using  techniques  described  previously.®’’^  Molecular 
beam  epitaxial  growth  kinetics  for  this  material  sys¬ 


tem  were  studied  by  Monte  Carlo  simulations  at 
Purdue  University. 

RESULTS  AND  DISCUSSION 

All  of  the  HgTe-CdTe  superlattice  samples  studied 
emitted  PL,  which  is  not  surprising  since  recombina¬ 
tion  lifetimes  for  a  number  of  these  superlattices  were 
in  the  100  ns  to  20  ps  range.^’®  Table  I  summarizes  the 
experimental  PL  peak  energies  (Ep)  and  full  widths  at 
half  maximum  (FWHM)  for  all  samples,  as  well  as 
double-peak  energy  splittings  (AE)  for  those  seven 
which  displayed  clearly  resolvable  multiple  peaks. 
While  the  other  ten  superlattices  exhibited  only  a 
single  peak,  that  feature  contained  a  shoulder  or 
other  substructure  suggesting  that  the  PL  in  fact 
consisted  of  poorly  resolved  multiple  contributions. 
Double  peaks  were  observed  in  both  n-  and  p-doped 
samples,  as  well  as  in  undoped  superlattices. 

Typical  IRPL  spectra  displaying  the  clearly  re¬ 
solved  double  peaks  are  illustrated  in  Fig.  1  for  SL- 
862.  Data  are  shown  at  77  and  145Kfor  the  maximum 
pump  power  (P)  of  500  mW  and  at  77K  for  a  much 
lower  P  (30  mW).  The  two  peaks  separated  by  30  meV 
are  seen  to  have  similar  line  shapes  and  FWHM  (28 
meV).  Note  that  whereas  the  lower-energy  peak  is 
more  intense  at  the  lower  temperature  and  pump 
power,  the  higher  energy  peak  becomes  dominant 
once  the  temperature  is  increased  to  145K. 

We  carried  out  detailed  theoretical  modeling  of  the 
PL  line  shapes  in  order  to  determine  whether  some 
aspect  of  the  band  structure  could  account  for  the 
presence  of  prominent  double  peaks  with  the  ob¬ 
served  properties.  It  is  well  known  that  the  com¬ 
plicated  free  carrier  dispersion  relations  in  HgTeCdTe 
superlattices  lead  to  multiple  peaks  in  both  the  mag¬ 
neto-transmission  spectra  (e.g.,  double  hole  cyclotron 
resonance)®  and  the  “mobility  spectra”  from  the  con¬ 
ductivity  tensor  (e.g.  due  to  “mass  broadening”  and 
the  extremely  nonparabolic  hole  mass).”^  However, 
our  calculations  demonstrate  that  these  phenomena 
have  a  relatively  weak  effect  on  the  PL  line  shape. 
Whereas  the  magneto-optical  and  magneto-transport 
data  are  quite  sensitive  to  variations  in  the  electron 
and  hole  masses  individually,  the  density  of  states 
which  governs  the  photoluminescence  depends  only 
on  the  reduced  electron-hole  mass  (m^"^  =  m^"^  +  mp~^). 
Thus,  even  a  very  strong  variation  in  the  hole  mass 
shifts  m^  and  the  PL  intensity  by  no  more  than  a  factor 
of  two.  A^ile  the  model  based  on  nonfluctuating  layer 
thicknesses  sometimes  produces  a  shoulder  due  to 
contributions  from  different  regions  of  the  miniband 
or  a  very  weak  second  feature  due  to  transitions 
involving  the  light  hole  band,  we  find  that  those 
mechanisms  fail  completely  to  account  for  the  energy 
splittings,  intensity  ratios,  and  layer-thickness  de¬ 
pendences  of  the  observed  multiple  peaks. 

It  has  been  recently  shown  that  in  the  case  of  GaAs- 
Al^Gai_^As  heterostructures,  monolayer  fluctuations 
in  the  quantum  well  thickness  can  lead  to  well- 
resolved  multiple  peaks  in  the  excitonic  PL.^“^®  The 
observation  of  double  peaks  in  the  present  spectra 
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(e.g.,  Fig.  1)  may  similarly  be  attributed  to  the  coexist¬ 
ence  of  extended  islands  having  a  given  average  d^ 
with  other  islands  whose  average  thickness  differs  by 
approximately  1  ML.  This  model  accounts  for  the  near 
equality  of  the  observed  FWHM  for  the  two  peaks,  as 
well  as  for  the  temperature  shift  of  the  intensity  ratio. 
While  the  lower-energy  PL  line  dominates  at  low 
temperatures  because  the  electron  and  hole 
wavefunctions  are  localized  in  the  islands  with  thicker 
quantum  wells,  the  higher-energy  line  gains  inten¬ 
sity  with  increasing  temperature  as  carriers  are  ther¬ 
mally  excited  into  the  islands  with  thinner  d^. 

The  strongest  evidence  for  this  interpretation  is 
that  it  accurately  accounts  for  both  the  magnitude 
and  the  energy-gap  dependence  of  the  splitting  en¬ 
ergy.  The  filled  circles  in  Fig.  2  plot  the  experimental 
variation  of  AE  with  Ep  (higher-energy  line)  for  the 
seven  superlattices  displaying  well-resolved  double 
peaks.  Apart  from  one  anomalous  point,  the  depen¬ 
dence  is  seen  to  be  quite  systematic.  Using  an  eight- 
band  transfer-matrix  algorithm  (k-p)  which  explicitly 
accounts  for  the  growth  orientation,^  we  have  calcu¬ 
lated  the  expected  shift  of  Ep  resulting  from  a  1  ML 
fluctuation^®  of  d^  (assuming  d^  =  30A)  in  a  [211] 
HgTe-Hgo  jCdo  gTe  superlattice.  The  result  is  given  by 
the  dashed  curve  in  Fig.  2.  We  find  that  to  lowest 
order,  this  calculation  without  adjustable  parameters 
accounts  quite  well  for  both  the  magnitude  and  the 
layer-thickness  dependence  of  the  observed  AE.  Fur¬ 
thermore,  it  should  be  noted  that  the  multiple-peak 
splittings  reported  for  GaAs-Al^Ga^  ^As  hetero¬ 
structures  t3q)ically  corresponded  to  0. 6-1.2  ML  rather 
than  precisely  1  The  solid  curve  in  Fig.  3 

indicates  that  if  the  fluctuation  magnitude  is  taken  to 
be  1.5  ML,  the  data  are  reproduced  almost  exactly. 

The  experimental  observation  of  monolayer  thick¬ 
ness  fluctuations  in  the  PL  data  is  indicative  of  high 
quality  growth,  since  it  implies  that  the  islands  over 
which  the  average  quantum  well  thickness  maintains 
monolayer  smoothness  must  be  quite  large.  Neigh¬ 
boring  islands  contribute  separately  to  the  photo¬ 
luminescence  only  if  their  diameter  is  larger  than  the 
electron  and  hole  wavefunctions.  Comparison  with 
estimates  for  either  the  exciton  diameter  or  the  de 
Broglie  wavelength  yields  that  the  island  size  in  the 
present  structures  must  exceed  SOOO-IOOOA.^'^  How¬ 
ever,  it  should  be  emphasized  that  the  interfaces  are 
known  to  remain  microrough  on  the  atomic  scale,  i.e., 
the  implied  “smoothness”  pertains  only  to  a  constant 
average  layer  thickness  within  a  given  island.^^’^^’^®’^® 

These  conclusions  from  our  PL  data  should  be 
considered  in  the  context  of  earlier  magneto-trans¬ 
port  determinations  of  A,  the  interface  roughness 
correlation  length  (which  may  be  taken  as  roughly 
equivalent  to  the  island  diameter).  gy  fitting  a 
phenomenological  model  for  interface  roughness  scat¬ 
tering  to  experimental  electron  mobilities  in  HgTe- 
CdTe  superlattices  with  thin  quantum  wells,  A  = 
300A  was  obtained  for  a  series  of  [100]-oriented 
(PAMBE)  samples'^  and^^  A = 200A  for  a  series  of  [2 1 1]- 
oriented  (nonphoto-assisted  growth)  superlattices.^^ 


The  discussion  of  the  previous  paragraph  implies  that 
these  A  are  somewhat  smaller  than  the  minimum 
required  for  the  observation  of  multiple  PL  peaks,  and 


«  dw  (A) 

60  40  30  20  15  12 


Ep  (meV) 

Fig.  2.  Double-peak  splitting  vs  PL  energy  gap  (higher-energy  peak). 
The  curves  are  theoretical,  assuming  well-width  fluctuations  of  one 
monolayer  (1.32A,  dashed  curve)  and  1.5  monolayers  (1.85A,  solid 
curve).  The  barrierthickness  in  the  calculation  is  30A,  for  which  the  top 
scale  gives  the  well  thickness  corresponding  to  the  energy  gap  in  the 
bottom  scale. 


W  dy/  (A) 

60  40  30  20  15  12 


Ep{77  K)  (meV) 

Fig.  3.  Experimental  (points)  and  theoretical  (assuming  =  30A  and 
V  as  indicated  on  the  cun/es)  temperature  coefficients  for  the  superlattice 
PL  energy  gap  vs  peak  eneergy  at  77K.  The  filled  points  are  from  the 
present  work,  while  the  open  points  are  from  the  previous  study  of 
Baukus  et  al.  21-22  Also  shown  as  the  dotted  curve  is  the  analogous 
dependence  for  the  Hg^^^Cd  Je  alloy. 2®  All  results  represent  an  aver¬ 
age  over  the  temperature  range  77-300K. 
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in  fact  such  features  due  to  ML  thickness  fluctuations 
have  never  been  observed  in  materials  fabricated 
under  the  growth  conditions  employed  in  Refs.  5  and 
13. 

Further  information  about  the  nature  of  the  islands 
is  provided  by  scanning  as  a  function  of  lateral 
position.  For  SL-862,  spectra  were  obtained  at  a  grid 
of  41  different  locations  on  the  surface  of  the  2x2  cm^ 
wafer.  Although  the  relative  intensities  varied  from 
point  to  point,  double  peaks  were  observed  at  most 
positions,  and  both  energies  shifted  smoothly  with 
translation  of  either  in-plane  coordinate.  Data  ac¬ 
quired  for  coarser  grids  on  several  of  the  other  samples 
similarly  indicated  gradual  shifts  ofthe  peak  energies 
with  location  on  the  surface .  Since  abrupt  rather  than 
gradual  variations  should  have  been  obtained  if  the 
net  layer  thicknesses  change  only  in  sudden  jumps  as 
on  moves  from  island  to  island,  these  observations 
imply  that  the  discrete  steps  of  =  1.5  ML  occur  at  only 
one  of  the  two  interfaces  of  each  quantum  well,^^  i.e. 
either  HgTe-on-CdTe  or  CdTe-on-HgTe  but  not  both. 
Recent  reflection  high  energy  electron  diffraction 
(RHEED)  data  by  Myers  et  al.^^  indicate  that  for  [2 11] 
growth  it  is  the  HgTe-on-CdTe  interface  which  is 
smoother.  One  also  expects  that  a  lateral  variation  in 
the  flux  rate  should  lead  to  transition  regions  in  which 
islands  with  three  different  layer  thicknesses  coexist 
in  relatively  close  proximity.  Spectra  for  SL-637  con¬ 
firm  that  while  either  one  or  two  PL  peaks  are  ob¬ 
served  at  most  positions  on  the  wafer,  a  third  peak 
occasionally  emerges  as  the  surface  is  scanned. 

Having  identified  the  origin  of  the  multiple  peaks  in 
the  spectra  for  some  of  the  samples,  we  now  consider 
in  more  detail  the  implications  of  the  PL  results  for  all 
17  superlattices.  We  begin  by  noting  that  the  77K 
values  of  the  FWHM  from  Table  I  show  little  apparent 
correlation  with  E^  or  layer  thickness.  The  spectra  as 
a  function  of  T  (down  to  lOK  in  some  cases)  generally 
yielded  a  zero-temperature  extrapolation  FWHM^  in 
the  range  9-18  meV.  These  are  somewhat  narrower 
than  previous  low-temperature  values  of  18-110 
meV,^'^  23-26  and  the  FWHM  of  10  meV  obtained  ear- 
lier^  for  SL-632  at  4.5K  is,  to  our  knowledge,  the 
narrowest  ever  reported  for  a  Hg-based  superlattice. 
The  nonthermal  contribution  to  the  observed  linewidth 
is  probably  due  primarily  to  broadening  of  the  conduc¬ 
tion  and  valence  extrema  by  potential  fluctuations.^®’^’ 
One  obvious  source  of  these  fluctuations  is  the  pres¬ 
ence  of  monolayer  roughness  (on  a  lateral  scale  smaller 
than  the  exciton  diameter  and  de  Broglie  wavelength) 
at  one  of  the  two  interfaces  for  each  quantum  well 
(RHEED  results  imply  that  it  is  the  CdTe-on-HgTe 
interface  which  is  rougher).^®  Broadening  is  also  ex¬ 
pected  due  to  fluctuations  in  the  alloy  composition  of 
the  barrier  layers.  The  band  structure  calculations 
indicate  that  fluctuations  on  the  order  of  Axg  =  ±0.05 
would  account  for  a  significant  fraction  of  the  ob¬ 
served  FWHM^. 

We  next  consider  the  related  issue  of  how  E^  and  the 
energy  gap  E  vary  with  temperature.  It  is  well- 
known  that  drig/dT  is  positive  for  HgTe  and  negative 


for  CdTe,  with  a  cross-over  at  x  =  0.5.  In  lowest  order, 
one  may  expect  the  superlattice  to  mimic  HgTe,  since 
the  baseline  for  the  confinement-induced  energy  lev¬ 
els  is  Eg(T)  in  the  quantum  well  material.  However,  a 
more  detailed  calculation  indicates  that  when  d„  is 
very  thin,  the  net  temperature  coefficient  in  the 
superlattice  becomes  quite  sensitive  to  dE^dT  in  the 
barrier  layers.  This  is  evident  from  both  experimental 
and  theoretical  results  for  dEVdT  in  Fig.  3,  which 
illustrates  that  the  decrease  ofthe  temperature  coef¬ 
ficient  with  increasing  energy  gap  is  just  as  rapid  in 
the  superlattice  as  it  is  in  the  Hgj_^CdjjTe  alloys® 
(dotted  curve).  The  data  are  teiken  from  spectra  at  T 
between  77  and  300K  for  11  of  the  present  samples 
(filled  points),  along  with  two  superlattices  studied 
previously  by  Baukus,  et  al.^®’^  (open  points).  Theo¬ 
retical  dependences  were  obtained  using  tempera¬ 
ture-dependent  energy  gaps  from  the  orientation- 
dependent  transfer-matrix  algorithm,  where  we  have 
employed  the  relation 

Ep(T)  =  E/T)  +  vkgT. 

The  solid  curve  in  the  figure  represents  v=  1/2,  which 
is  appropriate  for  momentum-conserving  band-to- 
band  transitions  when  nonthermal  broadening  mecha¬ 
nisms  are  ignored.  Since  the  calculation  employs  no 
adjustable  parameters,  the  agreement  with  experi¬ 
ment  should  be  considered  relatively  good. 

However,  the  dashed  curve  in  Fig.  3  indicates  that 
the  theory  and  experiment  come  into  much  better 
agreement  over  the  entire  range  of  energy  gaps  if  v  = 
0.5  is  replaced  by  v  s  1.5.  Many  previous  studies  of 
temperature-dependent  PL  in  Hg-based  superlattices 
and  alloys  have  similarly  found  that  dE^/dT  is  equiva¬ 
lent  to  dE  /dT  +  v,  with  E  (T)  determined  indepen¬ 
dently,  only  when  l<v<6  is  employed.^®-^®’^’"®^  This 
finding  is  often  interpreted^®-®^  as  implying  that 
momentum  is  not  conserved  in  the  radiative  transi¬ 
tions,  since  theory  then  yields  v  =  2.®®  However,  that 
interpretation  is  inconsistent  with  other  aspects  of 
the  data,  particularly  the  magnitude  of  the 

temperature  coefficient  of  the  FWHM.  Ravid  and 
Zussman  have  pointed  out  that  while  =  1.8  is 

expectedformomentum-conservingprocesses,amuch 
larger  value  of  Vp,^  s  3.4  is  predicted  for  non-k- 
conservation.®®  Our  spectra  yield  1.1  <  Vp^yjjj(<  1.8, 
which  is  far  to  small  to  be  explained  within  the 
nonconservation-of-momentum  hypothesis,  and 
nearly  all  previous  PL  data  at  higher  temperatures 
similarly  imply  Vp^^^jjjj «  3.4.23-25,32,34  should  be  noted 
that  Hunter  and  McGill  limited  their  original  discus¬ 
sion  of  the  possible  importance  of  this  mechanism  in 
Hgj  j^Cdj^Te  to  the  low  temperature  regime  (T  <  30K), 
for  which  an  electron-hole  droplet  like  model  was 
invoked.®®  The  earlier  theory  of  Lasher  and  Stem  for 
non-k-conserving  transitions  in  GaAs  was  similarly 
restricted  to  low  tempertaures,  since  it  was  based  on 
processes  involving  localized  states  in  the  tails  of  the 
bands.®®  Those  authors  specifically  argued  that  mo¬ 
mentum  should  be  conserved  at  higher  temperatures, 
since  most  of  the  carriers  then  occupy  nonlocalized 
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states  well  above  the  band  extrema.  Previous  attribu¬ 
tions  of  V  >  0.5  at  T  >  77K  to  nonconservation  of 
momentum  therefore  seem  physically  unreasonable. 
A  more  likely  interpretation  is  that  the  observed 
value  of  V  results  from  broadening  of  the  density  of 
states  by  potential  fluctuations.^^  At  lower  tempera¬ 
tures,  for  which  the  electrons  and  holes  preferentially 
occupy  states  in  the  tails  of  the  fluctuations,  PL  can 
occur  at  energies  below  the  average  band  gap.  How¬ 
ever,  as  kgT  approaches  the  magnitude  of  the  fluctua¬ 
tions  the  PL  energy  becomes  more  representative  of 
the  average  E^,  hence  Ep  displays  an  anomalously 
large  temperature  shift  between  the  two  regions.  To 
account  for  the  discrepancy  between  theory  (with  v  = 
0.5)  and  experiment  in  Fig.  3,  the  additional  energy 
shift  between  77  and  300K  must  be  approximately 
15-20  meV,  i.e.  of  the  same  order  as  the  nonthermal 
broadening  of  the  PL  line. 

Monte  Carlo  simulations  were  performed  in  order 
to  examine  the  growth  process  of  HgTe-CdTe 
superlattices  in  the  [211]  direction.  We  used  a  model 
based  on  the  simple  cubic  structure.  We  compared 
bond  energies  of  atoms  in  respective  configurations, 
i.e.  kink,  step,  and  terrace  sites.  Simulations  were 
tried  using  the  zinc-blende  structure  but  it  was  found 
that  those  simulations  consumed  too  much  CPU  time 
to  obtain  meaningful  results  because  of  the  very  weak 
bonds  of  HgTe  and,  hence,  fast  migrations  and  fast 
evaporations  of  Hg  atoms.  This  method,  although  not 
as  sophisticated  to  that  which  uses  the  zinc-blende 
structure,  is  justified  because  of  the  uncertainty  of 
many  parameters  required  for  modeling  of  atomic 
processes  in  the  zinc-blende  structure.  The  details  of 
this  approach  will  be  published  elsewhere.^"^ 

The  implications  of  the  MC  simulation  results  sug¬ 
gest  that  the  HgTe  surface  prior  to  the  growth  of  the 
CdTe  layer  is  the  rough  interface  which  gives  a  gradual 
variation  of  Ep  with  position,  while  the  smoother 
CdTe  surface  yields  abrupt  monolayer  jumps,  and 
hence  gives  rise  to  the  multiple  peaks  in  the  PL 
spectra.  This  result  is  consistent  with  the  recent 
RHEED  observations.22  The  MC  results  also  imply 
that  if  the  growth  of  the  HgTe  layers  were  sufficiently 
slow  or  higher  substrate  temperatures  were  used, 
this  would  lead  to  the  surface  having  a  stationary 
roughness  only  a  fraction  of  one  monolayer  in  height. 

SUMMARY 

We  have  experimentally  and  theoretically  in¬ 
vestigated  the  PL  properties  of  HgTe-CdTe  super¬ 
lattices  with  a  broad  range  of  energy  gaps.  A  sizable 
fraction  of  the  samples  display  clearly  resolved  double 
PL  peaks  due  to  monolayer  fluctuations  in  the  quan¬ 
tum  well  thickness.  The  systematic  variation  of  peak 
splitting  with  energy  gap  is  reproduced  by  [211]  band 
structure  calculations  if  the  thickness  fluctuations 
are  taken  to  have  units  of  1.5  ML.  These  results 
confirm  that  the  superlattice  growth  quality  achiev¬ 
able  by  PAMBE  is  quite  high,  and  that  at  least  one 
interface  for  each  quantum  well  has  monolayer  aver¬ 
age  smoothness  over  island  dimensions  exceeding 


500A.  Data  for  dEp/dT  as  a  function  of  Ep  have  been 
compared  with  the  theoretical  temperature  shift  of 
the  energy  gap.  The  relatively  modest  discrepancy 
has  been  attributed  to  the  influence  of  potential 
fluctuations  rather  than  to  nonconservation  of  mo¬ 
mentum  as  in  several  previous  works. 

Monte  Carlo  simulations  of  the  kinetic  growth  pro¬ 
cesses  of  HgTe-CdTe  superlattices  show  that  the 
HgTe-on-CdTe  interfaces  are  much  smoother  than 
the  CdTe-on-HgTe  interfaces  which  is  consistent  with 
the  IRPL  data  interpretation.  Recent  RHEED  oscilla¬ 
tion  data  are  in  agreement  with  the  MC  results.  The 
results  also  suggest  that  the  MBE  growth  of  HgTe- 
CdTe  superlattices  can  be  further  improved  by  slow¬ 
ing  the  HgTe  growth  rate. 
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developmental  needs  specific  to  the  area. 

*  One-day  registration  fees  will  be  available  for  the  regional  programming, 

•  An  opportunity  to  attend  nearly  20  technical  sessions  programmed  by  ASM's  Surface  Engineering 
Division,  TMS's  Surface  Modification  and  Coatings  Technology  Committee,  and  the  Cleveland 
Regional  Programming  Task  Force  that  will  address  today's  hot  topics  in  materials  coatings, 
tribological  materials,  and  heat  treating. 

•  A  presentation  of  interest  to  all  who  are  involved  in  the  transportation  industry  by  ASM's 
Highway  /  Off-Highway  Vehicle  Division:  Partnership  for  Next-Generation  Vehicle  (PNGV). 

•  A  birthday  celebration  and  symposium  in  honor  of  Professor  James  C.M.  Li's  contributions  to  the 
study  of  intermetallics,  microstructure  effects,  fatigue  and  fracture,  and  composites. 

•  The  1995  Materials  Exposition — an  exhibit  of  products,  processes,  and  services  to  fulfill  the  needs  of 
the  modern  engineered  materials  field. 

Plan  now  to  join  more  than  4,000  of  your  colleagues  at  Materials  Ykek  '95  as 
they  prepare  for  an  important  role  in  the  future  of  the  materials  profession. 


For  more  information,  please  contact:ASM's  Member  Services  Center  at 
1-800-336-5152,  ext.  703,  fax:  (216)  338-4634,  e-mail:  MemServ@po.asm-intl.org; 
or  TMS  Meeting  Services  at  (412)  776-9000,  ext.  232,  fax:  (412)  776-3770, 
e-mail:  karl@tms.org. 


ASt^ 


TIiMilS 


Complete  Materials  Week  '95  information  is  also  available 
through  TMS  OnLine  [modem:  (412)  776-2040; 

Internet:  online.tms.org  for  telnet  or  http:  /  /  www.tms.org 
for  World  Wide  Web]. 
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The  TMS  and  AIME  Annual  Meetings  combine  to  offer  you  1996's  premier  presentation  of  state-of-the-art 
processing,  fabrication,  and  design  technology  as  well  as  the  125th  anniversary  celebration  of  our  promo¬ 
tion  of  the  minerals,  metals,  and  materials  professions. 

Featuring  technical  programming  by  ail  five  TMS  technical  divisions: 

■  Electronic,  Magnetic  and  Photonic  Materials  Division 

■  Extraction  &  Processing  Division 

■  Light  Metals  Division 

■  Materials  Design  and  Manufacturing  Division 

■  Structural  Materials  Division 

Including  such  symposia  highlights  as: 

■  High  Temperature  Superconductors:  Synthesis,  Processing  and  Large-Scale  Applications 

■  Extraction  &  Processing  Division  Congress 

■  Treatment  and  Minimization  of  Aluminum  and  Light-Metals  Industry  Wastes 

■  Cast  Shop  Technology 

■  International  Symposium  on  Reactive  Metals  Processing  and  Applications 

■  Advances  in  the  Science  and  Technology  of  Titanium  Alloy  Processing 

■  Concurrent  Engineering  in  Materials  Processing 

■  Aluminum  Alloys  for  Packaging  II 

■  Intermetallics  and  Their  Composites:  Processing  and  Applications  Technologies 

■  and  much,  much,  more! 


For  more  information,  contact: 

TMS,  Meeting  Services  Deportment,  420  Commonweoith  Drive 
Worrendoie,  PA  15086-7514  U.S.A. 

Telephone:  (412)  776-9000,  Ext.  232  •  Fox:  (412)  776-3770  •E-moil:  korl@tms,org 
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